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Figure  6-4.  Three  Element  Slot-Dipole  Antenna  System  Gain  and  S/I.  March  25.  1975. 
Elevation  Angle  = 15° 
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Figure  6-6.  Slot-Dipole-System  Composite  Gain  at  2CP  Elevation 
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PREFACE 


The  U.S.  Department  of  Transportation  (DOT)  aeronautical  test  program  entitled  “Air  Traftic 
Control  Experimentation  and  Evaluation  With  the  NASA  ATS-6  Satellite"  was  part  of  the  Integrated 
ATS-6  L-Band  Experiment.  The  overall  ATS-6  L-band  experiment  was  coordinated  by  the  NASA/ 
Goddard  Space  Flight  Center  and  was  international  in  scope.  The  following  agencies  were  participants 
in  the  experiment: 


NASA/Goddard  Space  Flight  Center  (GSFC) 

DOT/Federal  Aviation  Administration  (FAA) 

DOT/Transportation  Systems  Center  (TSC) 

DOT/U.S.  Coast  Guard  (USCG) 

DOC/Maritime  Administration  (Mar Ad) 

European  Space  Agency  (ESA) 

Canadian  Ministry  of  Transport  and  Department  of  Communications. 


Each  participant  performed  tests  in  one  or  more  of  three  categories:  aeronautical,  maritime 
safety,  and  maritime  tleet  operations.  All  tests  were  conducted  in  accordance  with  an  overall  inte- 
grated test  plan  coordinated  by  NASA/GSFC. 


The  U.S.  DOT  aeronautical  test  program  was  under  the  direction  and  sponsorship  of  the 
Federal  Aviation  Administration.  Systems  Research  and  Development  Service  (SRDS),  Satellite 
Branch,  with  the  DOT, /TSC  conducting  the  technology  tests  and  the  FAA/NAFEC  conducting  the 
ATC  demonstration  tests.  The  technology  tests  included  multipath  channel  characterization,  modem 
evaluation,  and  aircraft  antenna  evaluation.  Results  of  these  tests  are  presented  in  volumes  III 
through  Vll.  and  the  results  of  the  ATC  demonstration  tests  are  presented  in  volume  II.  The  DOT/ 
TSC  test  program  was  supported  by  the  Boeing  Commercial  Airplane  Company  under  contract 
DOT-TSC-707.  ’ 


J 


The  DOT/TSC  program  was  under  the  management  of  Mr.  J . M,  Gutwein,  Cliief,  Telecom- 
munications Systems  Branch.  Mr.  R.  G.  Bland  was  the  project  engineer  and  technical  monitor  for 
contract  DOT-TSC-707.  Other  key  DOT/TSC  personnel  were: 


R.  Buck: 
P.D.  Engels: 
L.A.  Frasco: 
J.S.Golab. 
L.  Klein: 

P.  Mauro: 


Systems  Engineering,  Multipath  Test 
Investigator  and  Test  Concept,  Modem  Evaluation  Test 
Investigator  and  Test  Concept,  Multipath  Test 
Monitor,  Voice  and  Data  Modem  Evaluation 
Investigator  and  Test  Concept,  Aircraft  Antenna  Test 
Electronics  Design,  TSC  Digital  Ranging  Modem. 


For  the  Boeing  Commercial  Airplane  Company,  the  program  manager  was  R.W.  Sutton. 
Mr.  E.H  Schroeder  was  the  technical  leader  and  was  program  manager  for  the  latter  portions.  Key 
contributors  to  the  work  reported  were: 


C.J.  Kuo: 

M. J.  Mardesich: 

N. D.  Molloy: 
C.V.  Paulson: 
I.R.  Reese: 

P.F.  Rieder: 

A.D.  Thompson: 

S.G.  Wilson: 


Systems  Engineering.  Electronics  Design.  Test  Conduct,  Antenna  Data 
Analysis 

Data  Reduction  Software  Implementation,  Computing 

Test  Conduct,  Test  Planning 

Analysis,  Modem  and  Antenna  Tests 

Systems  Engineering,  Electronic  Design,  Test  Conduct 

Data  Analysis  Software  Implementation,  Computing 

Multipath  Test  Configuration,  Software  System  Design.  Multipath  Data 

Analysis 

Modem  and  Antenna  Test  Conllguration,  Software  System  Design,  Modem 
Data  Analysis. 
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Among  the  Boeing  Commercial  Airplane  Company  major  subcontractors,  Mr.  P.  Milner  of  Epsco 
Labs  provided  the  intelligibility  scores  for  the  voice  modems,  and  Messrs.  P.  Alexander,  L.  Pickering, 
and  R,  Pinto  of  CNR,  Inc.,  contributed  to  the  multipath  data  analysis  presented  in  sections  4.21  and 
appendix  B of  volume  IV ; sections  5.4.(>,  5.5,  b,5,  and  appendix  C of  volume  V;  and  section  7 of  volume 
VI. 


The  KC-135  flight  operations  were  managed  by  Mr.  Francis  W.  Jefferson  of  DOT/FAA.  Mr. 
Jefferson  also  arranged  for  auxiliary  support  services  at  the  FAA/National  Aviation  Facilities  Experi- 
mental Center.  Atlantic  City.  New  Jersey.  The  ATS-b  satellite  services  and  supporting  operations  at 
the  NASA/Rosman  ground  station  were  furnished  by  NASA.  These  activities  were  managed  and  co- 
ordinated by  Dr.  A.F.  Ghaisand  Mr.  I.Y.  Galicinao. 
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1.  INTRODUCTION 


Geosynchronous  satellite  relays  have  been  widely  studied  and  recommended  as  a means  of  pro- 
viding communications,  surveillance,  and  navigation  services  for  aeronautical  and  maritime  applications. 
Satellite-based  techniques  are  particularly  attractive  for  remote  regions  of  the  travel  lanes,  such  as 
oceanic  areas,  where  communications  become  tenuous  due  to  the  great  distances  from  ground  stations. 
The  U.S.  Department  of  Transportation  is  engaged  in  a long-term  program  for  the  use  of  satellites  to 
provide  air  traffic  control  (ATC)  services.  The  ATS-6  L-band  test  program  was  conducted  as  part  of 
this  long-term  effort  and  in  support  of  the  AEROSAT  program. 

The  U.S.  DOT  air  traffic  control  experimentation  and  evaluation  tests  are  part  of  the  Integrated 
ATS-6  L-Band  Experiment  (ref.  I-I ).  Tests  were  subdivided  into  two  main  groups:  ATC  demonstra- 
tion tests  (described  in  vol.  ID  and  aeronautical  technology  tests  (described  in  vols.  Ill  through  VID. 

Technology  tests  included  multipath  channel  characteristics:  evaluation  of  voice,  digital  data 
and  ranging  modems;  and  evaluation  of  various  aircraft  L-band  antennas.  Following  a 2-month  system 
definition  phase,  design  of  the  airborne  and  ground  terminal  test  instrumentation  was  initiated  in 
January  1974.  Terminal  installation  and  checkout  were  completed  in  September  1 974.  Approximately 
135  hours  of  flight  test  data  was  acquired  in  support  of  the  aeronautical  technology  tests  over  a 7- 
month  period  starting  September  1974  and  ending  April  1975.  Results  provide  data  for  the  evaluation 
of  advanced  system  concepts  and  hardware  applicable  to  the  design  of  future  satellite-based  ATC 
systems. 


SliMMARY  OF  RtSOLTS  AND  CONCLUSIONS 


:.l  ML'l  ni'Al  II  ( IIANM  I,  ( IIARA(  11  RI/AI  ION 

Mobile  eoninuiniealion  ^yslcms  sueh  as  Itiose  used  by  aiierall  are  subjeel  lo  multipath  mter- 
terenee  due  to  sismal  relleetions  from  tite  earth's  surlaee.  I he  deuree  ol  system  pertormanee  degrada- 
tion eaused  In  sueli  multipath  ilepetuK  on  many  laetors,  ineludin}:  ( I I eleetromaynetie  and  rougliness 
parameters  ot  tlie  scattering  surlaee;  (2)  relative  geometry  ol  the  airerall.  satellite,  and  scattering  sur- 
tace;  (d  I aircratt  antenna  pattern  and  signal  polarization;  and  (4)  type  of  message  and  modulation  sig- 
nal design.  1 he  overall  test  objective  was  to  characteri/e  the  multipath  sulficiently  to  provide  the 
technical  basis  for  design  of  both  the  signal  structure  and  the  hardware  lor  aeronautical  satellite  com- 
munication applications. 

A test  signal  for  probing  the  multipath  channel  was  formed  by  PSK  modulation  of  three 
pseudo-noise  (PNl  codes  on  separate  but  frequency-coherent  L-band  carriers.  The  three  PN  codes  had 
ditlerent  code  delays  but  were  otherwise  identical.  Typically,  chip  rates  of  5 or  10  MM/  were  em- 
ployed. The  test  signals  were  IransmiUeil  from  the  KC-1.15  using  selected  aircraft  antennas  and  signal 
polarizations.  Alter  relay  by  .ATS-b.  the  signals  received  at  the  ground  station  were  processed  by  the 
satellite  aeronautical  channel  prober  (S.A('P)  hardware  and  were  recorded  for  off-line  computer  analy- 
sis. Overocean  multipath  data  was  acquired  for  satellite  elevation  angles  between  and  Over- 
land multipath  tests  were  conducted  for  various  terrain  types  for  both  summer  and  winter  conditions. 

2.1.1  Oceanic  Multipath  Test  Results 

A major  portion  of  the  oceanic  multipath  analysis  effort  was  directed  toward  verification  ol  an 
appropriate  scatter  moilel  that  could  extend  the  experimental  results  to  the  prediction  of  performance 
lor  tiiture  aeronautical  satellite  systems.  Toward  this  end  a vector  formulation  of  the  physical  oplics 
very-rough-surlace  scatter  model  has  been  used  to  correlate  theory  with  experiment.  In  applying  the 
model,  the  scatter  cross  section,  coupleil  with  the  complex  polarization  Iransmission  coefficients,  was 
numerically  mtegrateil  over  the  total  effective  multipath  surface.  Model  predictions  were  uenerated 
tor  a variety  ol  surlaee  rms  slope  conditions  and  were  shown  lo  closely  emulate  the  measured  multi- 
path channel  characteristics.  I hese  predictions  and  the  corresponding  comparisons  were  conducted  al 
the  level  i)l  the  vIelay-Doppler  scatter  tunction  and  its  associatevl  lower  oialer  inteeral  and  lanirier 
pa  ra  meters. 

With  respect  to  investigations  pertaining  to  the  complex  (laiissian  vvide-sense  stationary  uncorrclated 
scattering  (WSSUSi  properties  of  the  oceanic  multipath  prvicess.  we  have,  alter  rather  extensive  testing, 
statistical  bases  for  support  of  both  the  complex  (iaussian  statistics  hypothesis  and  the  assumption  that 
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the  scattcrers  are  uneorrelated  Also,  the  ehannel's  wide-sense  stationary  eharaeteristies  were  examined 
over  a relatively  short  timespan  and  appeared  to  exhibit  time-invariant  statistieal  properties.  I Inis,  one 
may  eonfidently  represent  the  oeeanic  ehannel  as  a complex  (iaussian  WSSUS  scatter  process.  Under 
these  conditions,  the  StT.cJl  lunction  completely  describes  all  statistical  attributes  ol  the  channel. 


Specific  additional  results  obtained  lor  the  overocean  multipath  channel  include  the  following: 


a.  I'he  delay-Doppler  scatter  function  exhibited  pronounced  dependencies  upon  grazing 
angle,  aircraft  heading  (relative  to  satellite  direction I.  and  rms  sea  surface  slope. 

b.  The  total  energy  content  of  the  scattered  multipath  signal  was  calculated  as  a function  of 
signal  polarization  and  grazing  angle.  I'he  scatter  coefficients  for  horizontally  and  verti- 
cally polarized  signals  were  found  to  be  within  I or  2 dB  of  theoretical  prediction  and. 
except  for  the  low-angle  vertically  polarized  case,  were  approximately  equivalent  to  the 
product  of  divergence  factor  and  smooth-earth  I'resnel  rellection  coefficient.  The  low- 
angle  vertical  polarization  results  also  agreed  well  with  theory  when  the  roughness  charac- 
teristics of  the  sea  surface  were  taken  into  account. 

c.  fhe  oceanic  multipath  channel  spread  parameters  were  detemiined  as  a function  of  graz- 
ing angle.  The  .T  and  lO-dB  delay  spreads  were  typically  0.8  and  .^.2  jisec  and  showed  no 
appreciable  dependence  on  grazing  angle.  The  measured  coherence  bandwidth  ranged 
from  70  to  .?80  kHz  (typically  200  kHz)  and  did  not  exhibit  a strong  grazing  angle  rela- 
tionship. Typically,  the  .^-dB  channel  decorrelation  times  were  7 to  10  msec  at  grazing 
angles  of  8“  and  2 to  msec  at  20*^’.  Doppler  spreads  were  strongly  dependent  on  lioth 
grazing  angle  and  aircraft  heading.  At  a grazing  angle  of  lO'’.  the  .VdB  Doppler  spreads 
were  typically  10  Hz  for  in-planc  llight  (toward  the  satellite)  and  -“iO  Hz.  for  cross-plane 
flight.  At  higher  grazing  angles  ( '-20‘’).  the  aircraft  heading  no  longer  influenced  Doppler 
spreads  appreciably  and  .^-dB  values  of  140  Hz  were  typical  for  in-plane  Hight.  The 
corresponding  value  for  cross-plane  (light  was  only  about  .10  percent  larger.  Hxperi- 
mentally  measured  data  agreed  well  with  theoretical  prediction.  Measured  values  of 
selected  oceanic  multipath  parameters  are  summarized  in  table  2-1 . 

d.  I he  degree  of  correlation  between  the  simultaneous  horizontal  and  vertical  polarization 
probes  was  investigated  by  ( I ) determining  the  amplitude  of  the  correlation  coefficient 
between  the  two  signals  and  (2)  examining  the  phase  of  their  complex  cross-power  spectra. 
In  both  cases,  results  are  in  accord  with  vector  scatter  theory  and  indicate  th.it  the  ortho- 
gonal polarization  multipath  processes  are  highly  correlated,  with  the  I resnel  rellection 
coefficients  providing  the  appropriate  phase  relationship  between  the  scattered  vertical 
and  horizontal  probes. 

e.  Data  acquired  with  left-  and  right-hand  circular  polarization  l('l’)  probes  possessed  attri- 
butes similar  to  those  of  linear  polarization  probes,  fhe  total  received  scattered  energy 
corresponding  to  the  right-  and  left-hand  '.'P  probes  illustrated  the  phenomenon  of  sca- 
surfacc-induced  circular  polarization  sense  reversal. 
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TABLE  2-1.  SUMMA  RYOFSELEC  TED  OCEA  NIC  MU  L TIPA  TH 
PARAMETER  MEASURED  VALUES 


Notes  Measured  range 


-5.5  to  0.5  dB 


RMS  scatter  coefficient  (horizontal  iiolarization) 

RMS  scatter  coefficient  (vertical  polarization) 

Delay  spreari 

3-dB  value 
lO  dB  value 

Coherence  bandwidth  (3-dB  value) 

Doppler  spread  (in  [ilane  geometry) 

3-dB  value 
10-dB  value 

Doppler  s[iread  (cross-ftlane  geometry) 

3-dB  value 
10-dB  value 

Decorrelation  time  (3-dB  value) 


Strong  dependence  on  grazing  angle,  especially  near  Brewster  angle. 
No  strong  grazing-angle  dependence. 

Strong  grazing-angle  dependence. 

Strong  inverse  dependence  on  grazing  angle. 


4 to  190  Hz 
13  to  350  Hz 


79  to  240  Hz 


Typical  value  at  grazing 
angle  specified 


8' 

15 

30" 

2.5  ctB 
14.0  dB 

1.0  dB 

9.0  dB 

1.0  dB 
3.5  dB 

0.6  jU  sec 
2.8  sec 

0,8  (Ji  sec 
3.2  fx  sec 

0.8  /i  sec 
3.2  /n  sec 

160  kHz 

200  kHz 

200  kHz 

5 Hz 
44  Hz 

70  Hz 
180  Hz 

140  Hz 
350  Hz 

79  Hz" 
180  Hz" 

110  Hz 
280  Hz 

190  Hz 
470  Hz 

7.5  msec 

3.2  msec 

2.2  msec 

"At  10"  grazing  angle 


C.1.2  CONUS  Multipath  Tost  Results 

One  ol'  the  most  obvious  eluiraoteristios  of  the  ovorlaiu!  CONUS  soatter  tlata  is  its  high  dogroo 
of  signal  structure  nonstationarity.  This  was  readily  eoiifirmed  through  a visual  ohservation  of  several 
delay-spectra  time  history  segments.  Similarly,  the  signature  of  the  ehannel's  delay-Doppler  scatter 
function  varies  markedly  with  specular-point  location  and  was  used  to  isolate  periods  of  very  low 
spreading,  modest  spreading,  hiaseil  positional  scatter,  large  irregular  Doppler  spectrii  return,  and  mixed 
scatter  process  return.  I hese  data  were  used  to  provide  a delineation  of  the  salient  features  associated 
with  terrain  types  falling  under  the  categories  of  heavy  vegetation  cover,  hairen  (desert),  coastal  har- 
bors. large  cities,  large  lakes,  and  snow-eovered  plains  and  mountains. 


\ summary  of  the  observed  range  and  typical  values  of  selected  CONUS  multipath  channel 
parameters  is  given  in  table  ’-2.  When  traversing  lakes  or  other  bodies  of  water,  the  scatter  closely 
resembled  oceanic  mullipalh  scatter.  Results  for  other  CONUS  overland  terrains  (when  compared 
with  the  oceanic  multipath  results)  typically  exhibited  somewhat  lower  nils  scatter  coefficients,  lower 
delay  spreads,  and  slightly  larger  coherence  handwidths.  .-\ny  systematic  grazing  angle,  heading,  or 
polari/ation  dependencies  that  might  exist  appeared  to  be  masked  out  by  the  nonstationarity  ol  the 
received  rellected  signal 


TABLE  2 2.  SUMMARY  OF  MEASURED  CONUS  MUL  TIPA  TH  PARAMETERS 


Parameter 

Measured  range 

Typical^ 

value 

RMS  scatter  coefficient  {horizontal  polarization} 

-18  to  +2  dB 

-9dB 

RMS  scatter  coefficient  (vertical  polarization) 

-21  to  -3dB 

-13  dB 

Delay  spread  (3-dB) 

0.1  to  1.2  psec 

0.3  /asec 

Delay  spread  (10-dBI 

0.2  to  3.0  ys.ee 

1.2  ys.ee 

Coherence  bandwidth  (3xtB) 

150  kHz  to  3.0  MHz 

600  kHz 

Doppler  spread  (3-dB) 

20  to  140  Hz 

60  Hz 

Doppler  spread  (10-dB) 

40  to  500  Hz 

200  Hz 

Decorrelation  time  {3  dB} 

1 to  10  msec 

4 msec 

^Grazing  angle  dependencies  (if  any)  mashed  by  nonstationarity  properties. 


2.1.3  Multipath  Test  Conclusions 


Multipath  scatter  data  tor  the  L-band  aeronautical  channel  was  acquired  and  analyzed  tor  a 
comprehensive  set  of  overocean  and  overland  test  conditions.  Analyzed  test  results  provide  essential 
data  needed  for  dellnition  of  aircraft  antenna  multipath  rejection  characteristics  and  communication 
sienal  structure  design,  and  for  prediction  of  communication  system  performance  in  the  multipath 
environment,  file  physical  optics  vector  scatter  model  predictions  of  oceanic  multipath  channel  char- 
acteristics agreed  closely  with  the  experimental  data.  I his  model  provides  a useful  tool  for  extension 
and  application  of  the  experimental  results  to  the  detailed  analysis  and  design  of  future  oceanic  L-band 
satellite-based  .-\TC  systems. 

Hie  COM'S  multipath  test  provides  an  extensive  data  base  relative  to  the  overland  forward- 
scatter  multipath  channel.  I he  data  base  turnishes  valuable  intormation  on  scatter  signatures  associ- 
ated with  a variety  ol  terrain  features  such  as  electrical  characlerisiics.  macroscopic  roughness  (plains, 
mountains,  etc  ),  and  vegetation  coverage 


MODI  M 1 V \1  I A I IO\  I I SI 

\ arious  modulation  and  ilemodul.ition  levhniques  ,ire  being  ci'iisidered  lor  the  transmission  ol 
voice,  iligital  data,  and  ranging  surveillance  signals  to  and  'rom  aircrall  via  satellites  I'he  performance 
ol  several  voice,  digital  data,  and  ranging  modems  representing  candidate  approaches  for  this  applica- 
tion were  evaluated  Hi.’hl  tests  were  conducted  in  the  overocean  Uiultipalh  environment  at  various 
locations  over  the  North  \tlanlic  1 he  data  .icqiiired  included  3’  hours  ol  voice  modem  intelligibility 
tests.  34  hours  ol  digital  data  modem  perlormaiu  e.  ,md  I 1 hours  o|  tanging  accuracy  tests 


2 4 


Tests  were  divkieJ  Into  two  general  types: 

I'v/w  I Tcsls:  Type  1 tests  detenu ined  modem  perlbrmanee  over  a range  ol  (light  geom- 
etries and  earrier-to-noise  power  density  ratio  (C  'Nj,)  using  eandidate  operational  slot- 
dipole  antennas.  Several  ditterent  headings  relative  to  the  satellite  were  used  and  elevation 
angles  ranged  between  and  I'he  test  range  ol'  ('/N^  was  to  4H  dB-ll/  lor 

voice  modems  and  37  to  45  dB-llz  lor  digital  data  and  ranging  modems. 

Ty/ii’  II  Ti'sis:  Type  II  tests  evaluated  modem  pertormanee  parametrically  in  terms  ol 
(7N^,  and  S'i  over  a wide  range  ol'  the  two  parameters  lor  the  overocean  multipath 
environment.  Tests  spanned  C /N^  values  between  38  and  52  dB-Hz  in  combination 
with  S I values  ranging  I'rom  heavy  multipath  fading  (S  I = 3 dB)  to  essentially  nonlading 
conditions  (S/I  ^ 20  dB). 

2.2.1  Voice  Motlem  l est  Results 


l our  distinct  voice  modulation  techniciues  were  tested:  ( 1 ) adaptive  narrowband  freiiuency 
modulation  ( .\NBl  \I ).  ( 2 ) Hybrid  \o.  I (Q-M  RSIs  I.  (3)  Hybrid  N'o.  2 ( RI>.M  P.SK ),  and  (4 ) adaptive 
delta  voice  modulation  I .\I)VM).  Performance  was  measured  primarily  by  the  word  intelligibility 
scores  achieved  when  using  lists  of  phonetically  balanced  (PB)  words. 

The  maior  findings  of  the  voice  tests  include  the  following: 

a.  Over  the  ( range  of  40  to  48  dB-llz,  the  relative  ranking  of  the  four  modems  was 
Hybrid  No.  1 . .M)VM.  Hybrid  No.  2.  and  ANBTM.  .All  modems  except  ANBI  M achieveil 
in  excess  of  “^O  ' PB  word  intelligibility  at  43  dB-Hz,  with  the  Hybrid  No.  I achieving  in 
excess  of  70' ' word  intelligibility  at  40  dB-llz. 

b.  No  iletectable  degradation  in  intelligibility  due  to  multipath  was  observed  for  any  of  (he 
modems  for  S I as  poor  as  3 dB. 

c.  In  the  ci'inbined  voice  and  ilata  mode,  both  hybrid  modems  rciiiiired  roughly  3 ilB  .uldi- 
tional  (■  N^,  to  achieve  PB  word  intelligibility  equivalent  to  Ihat  of  the  voice-only  mode. 

d.  1 or  the  limilcvl  speaker  population  tested,  the  two  male  speakers  were  consistenllv  found 
to  be  more  inleihgible  than  the  two  female  speakers  1 his  is  probably  due  lo  audio  b.ind- 
hmiting  effects. 

e.  Ihe  relationship  between  the  speech  communication  index  meter  (S(  l\1)  score  and  word 
mieihgibilily  was  lound  lo  be  modem  dependent.  1 hus.  SCIM  ev.dualions  do  not  .ippear 
to  offer  a universal  modem  perlormance  evahi.ilion  technique  As  a minimum,  (he  lela- 
Iion  between  the  SCIM  score  ,ind  psychometric  scores  miisl  be  calibr.il'.'d  loi  eavh  modem 
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2.2.2  Digital  Data  Modem  lest  Results 


Digital  data  modem  tests  evaluated  the  bit-error-rate  (BLR)  and  error  burst  behavior  of  live 
digital  modems  operating  at  1200  bps  on  the  L-band  aeronautical  channel.  The  modems  included  lour 
implementations  ol' dil'I'erentially  encoded,  coherently  detected  phase-shilt  keying  (DLC  PSK)  and  one 
implementation  of  dilt'erentially  coherent  phase-shilt  keying  ( DPSK ).  The  lour  DLCPSK  modems  are 
designated  Hybrid  No.  I.  Hybrid  No.  2,  I'AACPSK.  and  NASA  DtCPSK.  while  the  DPSK  modem  is 
referred  to  as  FAA  DPSK. 

For  Type  1 tests  the  modems  exhibited  inefficiencies  that  ranged  trom  0.9  dB  (Hybrid  No.  1 I 
to  1.9  dB  (NASA  DECPSK)  relative  to  theoretical  performance  on  the  additive  white  Gaussian  noise 
channel.  All  modems  met  the  AEROSAT  system  specification  of  I x 10  ^ error  probability  at  C(  Nj,  = 
43  dB-Hz.  There  was  no  visible  evidence  of  bit-error-rate  performance  degradation  due  to  multipath, 
thus  indicating  that  S/I  exceeded  15  dB  when  tested  with  the  three-element  slot-dipole  antenna 
system  during  the  Type  I tests.  This  observation  is  consistent  with  the  S/I  values  measured  for  the 
wing-root  slot-dipole  antennas  during  antenna  evaluation  tests. 

Type  II  tests  evaluated  modem  error  performance  for  various  combinations  ot  S I and  C N^.,. 
Experimental  performance  data  was  compared  with  theoretical  predictions  of  perlormance  lerived 
from  analytical  models  used  in  conjunction  with  the  multipath  channel  parameters  measured  ny  the 
multipath  tests.  The  Type  11  measured  DPSK  error  rate  performance  was  in  close  accord  with  theoret- 
ical prediction  whereas  the  performance  of  DECPSK  modems  was  slightly  poorer  than  modeled  C om- 
paring  the  relative  performance  of  DECPSK  and  DPSK  revealed  that  for  S/l  larger  than  about  10  dB. 
DECPSK  outperforms  DPSK  slightly  in  error  probability  while  for  poorer  S/I  (less  than  10  dB),  DPSK 
exhibits  a slight  superiority.  In  either  case,  the  performance  advantage  was  not  dramatic,  and  no  clear 
preference  for  either  DPSK  or  DECPSK  was  indicated  by  the  data. 

In  contrast  with  voice  modem  results,  the  BER  performance  ot  all  data  modems  degraded 
severely  whenever  appreciable  multipath  interference  was  present.  For  instance,  for  DPSK  and  an  S I 
of  10  dB.  C N^^  must  he  increased  from  43  dB-Hz  to  aboiii  5 1 dB-Hz  to  maintain  1x10'^  error 
probability.  Since  a channel  power  increase  of  <S  dB  appears  lo  be  prohibitively  large,  error-control 
coding  or  multipath-tolerant  waveform  design  appears  to  be  a necessary  adjunct  to  existing  modem 
designs  if  S'l  values  as  low  as  10  dB  are  anticipated. 

I'^rror  groupings  were  analyzed  to  determine  the  effective  memory  length  of  the  error  patterns 
When  multipath  interference  was  negligible,  error  patterns  were  correlated  only  over  two  bits.  .‘\s 
multipath  interference  increased,  obvious  error  bunching  occurred  as  a result  ot  the  multipath  tading 
The  effective  memory  time  of  the  error  process  was  found  to  be  7 liits  tor  S I = (i  dB  and  about  14 
bits  for  S I = 2.5  d B. 


Testing  in  the  liybrid  voice/data  mode  for  the  two  hybrid  modems  showed  that  the  Hybrid  No. 
2 modem  required  an  additional  3.5  dB  C/N  , to  maintain  the  same  error  rate  as  in  the  data-only 
mode.  The  Hybrid  No.  1 modem  needed  only  an  additional  1 dB  at  high  error  rates  ( 10"-)  while 
reiiuiring  an  additional  4 dB  at  low  error  rates  ( 10'^). 

2.2.3  Ranging  Modem  l est  Results 

The  performance  of  two  distinct  ranging  modem  techniques  — TSC  digital  ranging  and  NASA 
PLACT-i  ranging  was  evaluated  on  the  L-band  aeronautical  satellite  channel.  Results  of  the  TSC  rang- 
ing test  showed  that  rms  range  error  was  typically  I 00  m at  43  dB-Hz  carrier-to-noise  density  ratio  in 
the  narrowband  mode  (|0.53-kHz  clock)  and  roughly  30  m in  the  wideband  mode  (156.25-kHz  clock). 
These  errors  are  somewhat  larger  than  laboratory-measured  values,  particularly  for  the  wideband  mode. 
NASA  ranging  tests  exhibited  a typical  rms  error  of  276  m for  a forward-link  in  the  vicinity  of 
43  dB-Hz.  This  measure  is  in  reasonable  agreement  with  expectation,  taking  into  account  the  maxi- 
mum tone  frequency  of  S575  Hz  for  this  system. 

Both  modems  exhibited  rather  frequent  occurrences  of  gross  range  errors  due  to  incorrect  reso- 
lution of  range  ambiguity.  These  ambiguity  errors  were  censored  from  the  rms  error  calculations. 


2.3  AIR(  RAI  I ANTHNNA  I VALUATION 

The  antenna  evaluation  test  quantitatively  evaluated  the  in-llight  performance  <rf  candidate 
aircraft  antennas  for  aeronautical  L-band  satellite  applications.  The  specific  test  objective  was  to 
determine  gain  and  S,'l  over  a range  of  satellite  elevation  and  relative  bearing  angles  for  the  selectable 
three-element  slot-dipole  system,  phased-array.  and  patch  antennas. 

2.3.1  Three-Llement  (T()P,^LWSI)/RWSI))  Slot-Dipole  Antenna  Results 

riiis  system  consists  of  three  nush-mounted  slot-dipole  antennas,  one  of  which  is  manually 
selected  at  a given  time.  The  system  was  designed  to  provide  a gain  of  at  least  4 dB  over  at  least  ‘H)' ; 
of  the  upper  hemisphere  while  simultaneously  achieving  a predicted  large  multipath  rejection  ratio  in 
excess  of  1 0 dB.  Side  coverage  is  provided  by  the  lett  ( LWSDl  ami  right  ( RWSD)  side  antennas 
mounted  in  the  upper  wing, 'body  ( wmg-root ) fairing  areas  on  each  sivle  of  the  airplane  at  station  760. 
High  elevation  .ingle  and  fore  aft  coverage  is  provided  by  a third  antenna  (TOP)  mounted  near  the  lop 
centerline  at  station  S()5. 


At  elevation  angles  above  20'\  the  experimentally  measured  antenna  gain  was  in  excess  of  4 dB 
lor  essentially  all  a/imuthal  angles  except  in  the  forward  direction  using  the  TOP  antenna.  In  the  for- 
ward direction  l + 20'^  trom  the  nose),  the  FOP  antenna  gain  was  3.5  dB  at  an  elevation  angle  of  20*^. 

I he  peak  gam  measured  tor  the  side-mounted  antennas  was  approximately  10  dB.  At  the  higher  eleva- 
tion angles,  the  experimentalK  measured  gain  frequently  exceeded  the  gain  values  determined  from 
seale-model  antenna  range  data  b\  about  2 dB.  At  elevation  angles  near  20'’.  experimentally  measured 
gains  agreed  well  with  antenna  range  measurements.  At  elevation  angles  below  20'’,  the  experimental 
gam  measurements  were  quite  sensitive  to  aircraft  motions  affecting  the  aircraft/satellite  geometry  but 
were  in  general  agreement  with  range  data.  Although  experimental  scatter  was  observed  in  the  meas- 
ured gain  data,  there  was  no  evidence  of  significant  pattern  holes  or  coverage  deficiencies  at  any  of  the 
geometries  tested.  The  experimental  data  suggests  that  the  slot  dipoles  may  be  somewhat  more  direc- 
tional in  the  roll  plane  than  indicated  by  the  antenna  range  scale-model  measurements  but  the  experi- 
mental data  scatter  and  the  relatively  small  amount  of  data  available  precludes  drawing  firm  conclu- 
sions on  this  point. 


The  experimental  data  showed  conclusively  that  very  good  multipath  rejection  was  achieved 
by  the  three-element  slot-dipole  antenna  system  at  all  geometries  tested.  The  S/I  was  usually  greater 
than  20  dB.  with  occasional  dips  into  the  I 5-  to  20-dB  range,  and  a few  more  severe  drops  in  the  vicinity 
ot  the  nose  when  using  the  top-mounted  antenna.  This  performance  is  in  general  agreement  with  the 
predicted  S I values  based  on  antenn.i  range  measurements  as  well  as  with  results  for  Type  1 digital 
d.ita  modem  tests,  where  the  bit-error-rate  performance  curves  indicate  that  the  S I ratio  exceeded 
15  dB. 


2.3.2  Phased-Array  Antenna  Results 

This  antenna  is  a receive-only  low-prolile  l-by-8  array  microstrip  antenna,  attached  to  the  outer 
luselage  on  the  right  side  ol  the  aircralt  at  station  420  to  give  broad  lateral  coverage.  The  antenna  ele- 
ments were  arrayed  vertically  to  proviile  a narrow  beam  in  the  roll  plane.  The  beam  could  be  electron- 
ically steered  m elevation  in  nine  increments  of  about  10'’  each.  The  peak  gain  derived  from  full- 
scale  antenna  range  measurements  is  approximately  1 2 0 dB. 

Data  acquired  trom  both  circular-path  and  straight-line  llightpaths  showed  that  the  phased 
array  provided  a peak  gain  of  I I to  I 2 dB  approximately  broadside.  This  result  agrees  well  with  the 
peak  gain  derived  from  antenna  range  ineasuremeiits. 

1 or  .1  satellite  elevation  angle  ot  40".  the  measured  3-dB  a/imuthal  heamwidth  was  approxi- 
mately 100'’.  providing  coverage  between  50”  and  150'*  from  the  nose,  i-'or  the  small  amount  of  data 
.ivailable  at  the  lower  extreme  ol  satellite  cicvalioii  angle  ( 10").  the  experimentally  measureil  maximum 
.ichiev.ible  g,iin  was  between  o,o  anj  it  s ilB  aiul  the  .t-ilB  ,i/imuthal  beamwidlh  was  approximately 
50  At  .i/imiilh,il  .ingles  beyond  the  3-dB  coverage  points,  the  gam  dropped  rapiilly  to  low  or  negative 
V. lines  \o  attempt  w.is  m.ide  to  measure  side-lobe  levels  experimentally . 


2.3.3  Patch  Antenna  Results 

This  antenna  is  a receive-only  single-element  low-profile  microstrip  antenna  attached  to  the 
outer  fuselage  near  the  top  centerline  at  station  270.  Ihe  mounting  location  was  chosen  to  provide 
additional  coverage  in  the  forward  direction  which,  if  required,  could  supplement  the  forward 
coverage  of  any  other  side-mounted  low-gain  antennas  that  might  be  used. 

Hxperimental  results  showed  that  the  patch  antenna  had  a peak  gain  of  approximately  4 dB 
forward  over  the  nose  at  elevation  angles  above  15^’  and  a minimum  S 'l  of  13  dB.  I'he  gain  gradually 
decreased  as  the  satellite  bearing  angle  changed  toward  the  broadside  and  aft  directions  or  as  the 
satellite  elevation  angle  reduced  toward  the  horizon,  (iain  in  the  broadside  and  aft-of-broadside 
directions  is  about  0 dB  at  an  elevation  angle  of  !(/’.  increasing  to  about  2.5  dB  at  25^^. 
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3.  GENERAL  DESCRIPTION  OF  TECHNOLOGY  TESTS 


The  U.S.  aerotuiutieal  teehnology  tests  were  eondueted  hy  DOT'TSC  to  provide  data  tor  the 
evaluation  ol  advanced  system  concepts  and  hardware  applicable  to  the  design  ol  future  satellite- 
based  air  traffic  control  systems. 


3. 1 TEST  T^  PI  S AND  LINK  CONI  IC.URATION 

Three  types  of  aeronautical  technology  tests  were  conducted. 

a.  \liilri/>aili  ChiDiiu’l  Cliunu  icrizution  Pseudo-noise  ( PN  ) code  modulated  signals  were 
transmitted  from  the  KC-135  using  several  different  antennas  and  various  polarizations. 
.After  relay  by  .ATS-b.  the  signals  were  received  at  Rosman.  processed  by  the  S.ACP  equip- 
ment. recorded,  and  later  analyzed  to  obtain  a characterization  of  the  multipath  channel. 

b.  Modi'in  luiihi'iliiiii:  Several  voice,  digital  data,  ranging,  and  hybrid  voice  data  modems 
were  tested  using  signals  transmitted  from  Rosman  through  .M'S-b  to  the  aircraft.  Modem 
demodulator  outputs  were  recorded  onboard  the  aircraft  and  analyzed  to  determine  per- 
formance tor  various  carrier-to-noise  density  (C  N^^i  and  signal-to-nuiltipath  interference 
(SI)  ratios. 

c.  Aiiwniui  l.valtiution  A cw  signal  radiated  by  Rosman  through  .ATS-(i  was  received  by  the 
various  aircraft  antennas  under  test.  Data  was  recorded  and  analyzed  to  evaluate  antenna 
gain  and  multipath  rejection  as  a function  of  geometry. 

.All  tests  were  conducted  between  the  EA.A  KC-135  airplane  and  the  NASA  Rosman  ground 
station  via  the  N.ASA  geostationary  ATS-(>  satellite  using  the  basic  link  configuration  of  llgure  3-1 . 

With  the  exception  of  the  position  location  and  communication  equipment  (PLACE)  ranging  tests, 
which  perlbrmed  round-trip  ranging,  all  modem  and  antenna  evaluation  tests  were  performed  with  a 
one-way  lorward-hnk  conliguration.  1 he  forward-link  configuration  was  very  efficient  in  the  utiliza- 
tion of  A I S-('  satellite  test  time  since  it  allowed  several  1 -band  experiment  participants  to  conduct 
tests  simultaneously  at  their  respective  mobile  lor  fixed)  1 -band  terminals.  Return-hnk  transmissions 
from  the  KC-135  were  used  as  the  primary  mode  for  multipath  tests  and  for  test  coordination  purposes 
during  other  tests  -\  sea-state  buoy  lurnished  by  the  U S.  Navy  USE  was  deployed  from  the  USCti 
( utter  (iailatm  to  aci]uire  sea-surface  data  during  the  spring  |d75  test  series. 


I xcept  tor  a lew  of  the  initial  tests  ol  the  l‘)74  fall  test  series,  the  A ES-0  satellite  transponder 
was  operated  in  the  coherent  mode  The  torward-link  reterence  carrier  neerled  for  coherent  mode 


operation  was  normally  transmitted  from  the  NASA 'Mojave  ground  station.  I'his  mode  of  operation 
referenced  the  L-hand  forward-link  frequencies  to  a highly  stable  ground-based  standard,  thus  elimi- 
natingany  frequency  uncertainty  and  drift  associated  with  the  satellite  internal  master  oscillator. 


-V:  KC -1.15  TERMINAL  DI  SC  RIPTION 

A block  diagram  of  the  aircraft  terminal  showing  the  main  signal  How  paths  is  given  in  figure 
.1-2.  Seven  racks  in  the  aft  section  housed  most  of  the  equipment  for  modem  evaluation,  antenna 
evaluation,  and  system  calibration,  liquipment  items  for  the  multipath  tests  were  contained  in  three 
racks  located  forward.  Rack  numbers  and  drawer  locations  of  equipment  items  are  indicated.  Hie 
F.A.A  data  link  terminal  was  not  used  during  technology  tests  but  is  included  to  show  major  interlaces 
with  the  technology  lest  instrumentation  package. 

.1.2.1  .Airborne  I'erminal  F-unctional  Description 

L-band  signals  between  the  various  antennas,  preamplifiers,  transmitters,  and  receivers  were 
4 distributed  by  the  aft  and  forward  Rb  control  units.  After  preamplification,  received  L-hand  signals 

' were  down-translated  to  II-  by  the  two  receivers  and  were  then  tuned  and  distributed  by  the  lb  tuning 

unit  to  the  appropriate  modem.  Modem  outputs,  carrier  detector  data,  time  code,  and  aircraft  llighl 
parameters  were  reconled  by  a 14-track  instrumentation  magnetic  tape  recorder.  Multipath  test 
parameters  were  recorded  by  a digital  recording  system.  .A  chart  recorder  provided  a test  monitoring 
leature  and  yielded  a hard-copy  record  of  selected  signals. 

bhe  terminal  design  incorporated  a sophisticated  lest  and  calibration  capability.  A calibrateil 
noise  source  allowed  the  operating  noise  figure  of  all  receiving  systems  to  be  measured.  A composite 
L-band  test  signal  simulating  the  ,ATS-o  ami  ATS-.S  downlinks  with  appropriate  1 200-bps  digital  data, 
ranging,  narrowbaiul  freituency-modulated  (NBI  M)  voice,  and  IM.AC'li  surseillance  and  ranging  (.S&R) 
modulations  could  be  generated  and  injected  into  the  receiving  system  inputs  for  test  and  calibration 
purposes. 

.1.2.2  KC-1.15  l.-llaiul  .Antennas 

bhe  approMinatc  locations  ol  the  l.-baiul  antennas  used  on  the  KC-l.l.s  lest  aircralf  are  shown 
in  figure  .l-.l.  Major  features  ol  these  antennas  are  summari/ed  below  . Unless  otherwise  noted,  .intciin.i 
pol.iri/alion  is  right-h.iml  circular. 

a / rout  Uii/ti/Mf/i  Inteiinij  fI  MI’l  bhis  was  the  principal  antenna  used  lor  transmission  ol 
the  terram-renecleil  sign.ils  during  multip.ilh  tests  It  w.is  located  under  the  nose  ratlome 
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aiul  used  a two-elemenl  waveguide  array  resulting  in  1-dB  beaniwidths  ol  20”  in  a/imiilli 
and  50”  in  elevation,  (iain  is  approximately  6 dB  and  polarization  is  seleslaMe  I'elweei 
right-hand  eircular  (RllC),  letl-hand  circular  (LIIC).  and  dual  linear  (the  hon/untal  and 
vertical  polarization  ports  are  simultaneously  accessible  on  separate  Iransmissuin  hiiesi 
It  is  mechanically  steerable  downward  Ironi  the  horizon  m elevation  and  to  bi,'h  right 
and  left  of  the  aircraft  nose  in  azimuth. 

b.  Tlircc-Aiiten/ia  Slot-Dipole  ( L WSD-R  WSD  ' IOP)  Antenna  Svsteni  I his  system  consists 
of  three  tlush-mounted  antennas.  Side  coverage  is  provided  by  the  left  (1  WSDi  and  right 
(RWSD)  side  antennas  mounted  in  the  upper  wing/body  (wing-root ) lairing  areas  on  each 
side  of  the  airplane  at  station  iMi.  I'his  location  was  chosen  because  of  the  multipath 
rejection  due  to  the  shielding  effect  of  the  wing.  High  elevation  angle  and  fore  all  cover- 
age is  provided  by  a third  antenna  (TOP)  mounted  near  the  top  centerline  at  station  ts()5 

c.  Phased-Arniy  (PllA)  Antenna:  This  is  a low-profile  mierostrip  l-by-S  array  antenna 
attached  to  the  outer  fuselage  on  the  right  side  of  the  aircraft  at  station  420.  4l”  down 
from  the  top  centerline.  The  antenna  elements  were  arrayed  vertically  and  phased  elec- 
tronically to  provide  electronic  beam  steering  in  elevation  in  nine  increments  of  about  ' O” 
each,  in  azimuth,  the  heamwidth  was  designed  to  be  about  I 20”  and  had  fixed  pointing 
approximately  broadside. 

d.  Pateh  (PAT)  Antenna:  This  antenna  was  also  a low-profile  microstrip  antenna,  attached 
to  the  outer  fuselage  near  the  top  centerline  at  station  270.  The  mounting  location  was 
chosen  to  provide  forward  “fill-in"  coverage  for  the  two-element  ( R.SD/L.SD)  antennas. 
Because  of  its  low-power  handling  capability,  it  was  used  only  for  reception. 

e.  Side-Mounted  Multipath  (SMP)  Antenna:  This  antenna,  located  at  station  804  and  water- 
line 150.  has  a fixed  beam  that  points  approximately  15”  below  the  horizon  and  lO”  aft 
of  broadside,  (iain  is  about  13  dB  and  polarization  is  selec'able  between  dual  linear.  RllC. 
or  MIC. 

f.  Riitht  I. eft  Slot-Di/xjle  ( RSD  LSD)  Antennas  I hese  antennas  are  mounted  at  station 

1 135  approximately  35”  down  from  the  top  centerline.  Due  to  the  more  favorable  loca- 
tion ol  the  l.WSD,' RWSD/ TOP  slot  dipoles,  the  RSI)  LSD  antennas  were  used  primarilv 
as  backups  and  for  auxiliary  transmission  reception  functions. 

g.  Quad-Helix  ( Qil)  Antenna:  The  i|uad-helix  antenna  has  a conical  beam  shape  .ipproxi- 
mately  I')”  in  width  at  the  3-dB  points.  I he  antenna  is  mechanically  steerable  to  provide 
coverage  throughout  the  forward  and  broadside  regions  of  the  upper  hemisphere.  \l  the 
beam  peak,  the  gain  for  RllC  polarization  is  I 5.5  dB  when  used  at  elevation  angles  above 
about  15”. 
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h.  Cros.scJ-SInl  ( \l.  I I Aiilciiiht:  Also  tvlorrcd  lo  as  an  orthogonal  mode  cavity,  this  antenna 
was  installed  at  station  74(i  near  the  top  centerline  specil'ically  Idr  acquisition  of  CONUS 
multipath  data  during  the  ( ehrnary  Un5  tests. 

The  front  multipath  antenna  and  LWSD'RWSD'TOP  slot-dipole  systems  were  furnished  hy 
Boeing  and  installed  specifically  for  this  test  program. ' 1 he  phased-array  and  patch  antenna-  were 
furnished  and  installed  by  Ball  Brothers.  Detailed  description  and  evaluation  of  these  antennas  may 
be  found  m references  ,vl . 3-2.  and  3-3.  The  side  multipath.  RSI)  LSI)  slot-dipole,  and  quad-helix 
antennas  were  developed  .ind  installed  by  Boeing  for  the  earlier  l-'.AA  A'l'S-5  tests  (ref.  3-4).  The 
crossed-slot  antenna  was  furnished  by  Boeing  under  an  earlier  contract  (ref.  3-5)  and  was  first  used  by 
DOT  T.SC  for  their  balloon  test  program. 


3.3  ROSMAN  Tl.RMINAL  I QUIl'Ml  NT 

.A  functional  block  diagram  of  the  U.S.  aeronautical  L-band  experiment  equipment  is  shown  in 
figure  3-4.  This  diagram  indicates  equipment,  functions,  signal  flow  paths,  signal  types,  and  equipment 
rack  locations. 


3.3.1  (ieneration  of  Torward-Link  lest  Signals 

Baseband  test  signals  lor  the  modem  evaluation  tests  were  generated  locally  at  the  Rosrnan 
ground  station.  1 or  voice  modem  tests,  voice  and  SC'IM  test  signals  were  obtained  by  reproducing 
pre-recorded  test  tapes  on  an  audio  tape  player.  1 ach  voice  modulator  output  a 70-Mllz  11-  carrier 
modulated  with  the  voice  and  SCIM  test  signal.  Similarly,  the  ranging  and  hybrid  modems  (voice  and 
data),  when  used,  provided  "’O-MII/  IT  carriers  having  modulations  unique  lo  the  particular  modem. 

The  baseband  test  signal  for  digital  data  modem  tests  was  a 2047-bit  1 200-bps  I’N  sequence.  This 
signal  was  biphase  modulated  onto  a 70-Mll/  IT'  carrier  by  a mi'diilalor  contained  within  the  sub- 
carrier multiplex  unit. 

The  'O-MID  II  carriers  were  applied  to  the  subcarrier  multiplex  unit,  which  formed  the  fre- 
quency division  multiplex  ( I DM  I spectrum  with  the  desired  relative  frequencies  and  levels.  The  result- 
ant I DM  lest  spectrum  w.is  up-converted  and  Iransmilied  to  A I S-P  via  the  station  ('-band  transmitter 
.iiul  .H5-II  antenn.i 


Design  lealure  . and  pattern  data  lor  these  Boeing  antennas  are  given  m an  unpublished  report.  “U.S. 
Aeronautical  l.-Baiid  Satellite  lechnolouv  Test  i’rogram  lerminal  Design."  material  submitted  under 
contract  D( ) I ■ 1 S( -70'’.  Vueiisl  l'l“'5. 
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At  ATS-(i.  the  Ifst  '.pcctrum  was  translated  to  L-hand  and  retransmitted  for  use  at  the  various  ^ 

mobiles.  Durini:  all  teehnoloay  tests  the  L-band  downlink  from  ATS-b  was  received  at  Rosman  and  j 

monitored  to  ensure  that  relative  levels  of  spectral  components  were  correctly  maintained. 

3.3.2  C'-Band  Return-Link  Reception 

Return-link  signals  were  received  from  ATS-6  via  the  85-ft  antenna  and  ('-band  receiver.  I hese 
were  down-translated  to  a 70-MM?  IF  and  distributed  to  the  PLACL  ground  equipment  (PGL)  and  the 
TSC  experiment  equipment  for  demodulation.  Demodulated  return-link  baseband  voice  and  data  were 
distributed  to  the  experimenters  for  recording,  for  transmission  to  remote  locations  via  telephone,  or 
for  test  coordination.  When  the  multipath  prober  test  was  in  progress,  the  70-MH/  IF  was  routed  to 
the  S.ACP  receiver  where  it  was  demodulated,  processed,  and  formatted  along  with  time  code  for 
recording  on  wideband  analog  tape.  The  TSC  Ampex  FR-1‘^00  and  the  station  .Ainpex  FR-2000  tape 
recorders  w'ere  used  to  record  these  signals. 


I 
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4.  MULTIPATH  CHANNEL  CHARACTERIZATION  TEST 


Multipath  tests  were  eonrigured  to  measure  several  important  statistieal  parameters  associated 
with  the  oceanic  and  overland  (CONUS)  L-band  aeronautical  channel.  Following  a brief  description 
of  the  data  analysis  procedures,  representative  experimental  data  are  presented  and  discussed.  Oceanic 
results  are  compared  with  theoretical  prediction  based  on  the  physical  optics  scatter  model. 


4.1  MUL  I lPAm  TEST  OBJECTIVES 

Eor  mobile  communication  systems  operating  in  the  vicinity  of  random  rough  surfaces,  the 
received  electromagnetic  signal  consists  of  the  superposition  of  the  transmitted  direct  signal  plus  ter- 
rain-rellected  signal  replicas  having  random  amplitudes,  time  delays,  and  Doppler  shifts.  The  overall 
test  objective  was  to  characterize  the  multipath  sufficiently  to  allow  confident  design  of  both  the 
signal  structure  and  the  hardware  for  aeronautical  satellite  communication  applications.  Specific 
objectives  were: 

a.  lo  analyze  overocean  multipath  data  to  obtain  a detailed  delay-Doppler  characterization 
for  various  satellite'aircralt  geometries,  signal  polarizations,  and  sea  states. 

b.  lo  evaluate  and  verify  an  oceanic  scatter  model. 

c.  I'o  analyze  overland  (CONUS)  multipath  data  to  determine  the  essential  characteristics 
correspi)nding  to  a range  of  satellite/aircraft  geometries,  signal  polarizations,  and  terrain 
states. 


Validation  of  a laboratory'  multipath  channel  simulator  using  the  acquired  multipath  data  has 
also  been  identified  as  a 1)01  T' SC  goal.  Analysis  of  simulator  requirements  and  processing  of  multi- 
path  data  for  simulator  ai'plications  are  planned  future  efforts  to  be  conducted  by  1)01  ' I SC. 


4.:  MUEI  IPATII  l ES  r DE.SCRII’l  ION 

4.2  1 S.itellile  .Aeronautical  Ch.innel  I’rober  l est  Concept 


.A  block  di.igr.mi  illustrating  the  satellite  aeronautical  channel  prober  (S.A(  I’l  test  concept  is 
shown  in  figure  4-1  I hree  pseudo-noise  ( I’N ) sequences  having  different  time  ilelays  but  otherwise 
identic.il  were  generateil  In  the  SA(  I’ nuululator.  I he  v.ilues  of  l)|  and  l)s  were  selected  to  .illow 
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Figure  4- 1.  Satellite  Aeronautical  Channel  Prober  Block  Diagram 


separation  ol'the  three  signals  by  correlation  techniques  at  the  SACP  receiver.  These  PN  codes  were 
PSK  modulated  onto  RF  carriers  and  transmitted  from  the  aircraft  as  the  multipath  channel  test  sig- 
nals. One  of  these  served  as  a reference  direct-path  signal  while  the  other  signals  served  as  the  multi- 
path  channel  probes.  These  signals  were  usually  transmitted  by  downward-looking  antennas  that  had 
selectable  pointing  and  polarisation. 

.At  the  ground  station,  the  direct-path  tracker  of  the  SACP  demodulator  utilised  coherent 
demodulation  to  track  the  carrier  phase  and  PN  code  received  over  the  direct  path.  These  in  turn  were 
used  as  delay  and  Doppler  references  for  the  I 1 2 comple\  cross-correlators  that  perfonned  cross-corre- 
lation operations  between  a locally  generated  PN  sequence  and  the  probing  signal  received  over  the  ! 

link.  Outputs  of  the  1 1 2 complex  taps  were  formatted  and  recorded  on  wideband  (2  Mils  I analog  j 

recorders  for  subsequent  data  analysis.  The  resultant  measurement  corresponded  to  the  sampled  irn-  j 

pulse  response  of  the  channel.  A more  detailed  description  is  available  in  reference  4-1  and  in  the  man-  | 

ual  furnished  by  the  SACP  prober  hardware  manufacturer,  Stein  Associates.  Inc.'  ( 
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4.2.2  RC-I Multipath  Terminal  Instrumentation  j 

i 

A functional  block  diagram  for  the  multipath  test  is  shown  in  figure  4-2.  The  S.ACP  modulator  < 

generated  three  PN-PSK  70-MlIs  IF'  signals  that  were  identical  except  for  preset  time  delays  between  \ 

the  PN  codes.  The  triple  up-converter  coherently  translated  the  three  signals  to  Ib50  MID  to  drive  the  i 

three  multipath  transmitters.  The  reference  signal  (with  code  delay.  F^^l  was  transmitted  directly  to  i 

.ATS-b  via  the  quad-helix  antenna.  The  other  two  PN-PSK  signals  (with  code  delays.  D|  and  D-,)  j 

were  connected  to  the  horizontal  and  vertical  polarization  arrays  of  the  selected  multipath  antenna.  ( 

Alternately,  a single  transmitter  could  be  used  with  either  the  LWSD/RWSD/TOP  slot  dipoles  or  j 

crossed-slot  antenna  or  with  the  F.MP  antenna  operating  in  one  of  its  circular  polarization  modes.  j 

Three  IIP  435A  power  meters  used  in  conjunction  with  directional  couplers  allowed  the  RF'  power 
output  of  each  channel  to  be  monitored  and  recorded  on  800-bpi  seven-track  digital  tape  along  with 
other  test  parameters. 

Nominal  RF  power  outputs  of  20  W were  used  for  the  direct  path  and  horizontally  polarized 
indirect  path  while  a 100-W  transmitter  was  used  for  the  vertically  polarized  indirect  path  or  whenever 
an  operational-type  antenna  was  used.  These  levels  were  based  on  the  Task  I link  analyses  and  were 
designed  to  provide  adequate  signal-to-noise  ratio  at  the  SACP  demodulator  while  not  exceeding  a 
signal-to-noise  ratio  of -15  dB  in  the  ATS-(>  satellite  40-Mllz  IF  bandwidth.  Fhis  latter  constraint  was 

necessary  to  ensure  that  multipath  test  signals  would  be  processed  linearly  by  the  .A'F.S-d  limiting  i 

transponder.  j 


’"Instruction  Manual  for  the  Satellite  Aeronautical  Channel  Prober:  Volume  I.  System  Description 
and  Operation,"  contract  D()l-TSC-o.14.  Stem  Associates.  Inc.,  .lime  l‘>74. 
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4.2.3  Multipath  Test  Geometry  and  Scenarios 


I 


I 
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A typical  oceanic  multipath  test  scenario,  as  shown  in  table  4-1,  consisted  of  four  legs  with 
test  headings  directly  toward  the  ATS-6  subsatellite,  45°  oft'set,  and  90°  offset.  The  reference  direct- 
path  signals  were  always  transmitted  via  the  quad-helix  antenna.  The  multipath  test  signals  were  usual- 
ly transmitted  via  the  forward  multipath  antenna.  A limited  amount  of  data  was  acquired  with  the 
TOP  and  LWSD  antennas.  Code  chip  rates  were  typically  either  5 or  10  MHz,  and  the  maximum  code 
length  of  1023  bits  was  used  for  all  tests. 


TABLE  4- 1.  TYPICAL  OCEANIC  MUL  TIPA  TH  TEST  SCENARIO 


Heading 
(relative  to 

Relative 

Test  Antenna 

Way 

ATS-6), 

time. 

Direct 

Polari- 

Az, 

Elev, 

Leg 

point 

deg 

min 

antenna 

Type 

zation 

deg 

deg 

1 

FG 

0 

00  to  12 

QH 

FMP 

H81V 

0 

35 

12  to  18 

QH 

TOP 

RHC 

- 

- 

2 

GH 

315 

18  to  27 

QH 

FMP 

H&V 

45 

35 

27  to  32 

QH 

RWSD 

RHC 

- 

3 

Ht 

0 

32  to  38 

QH 

FMP 

H8(V 

0 

0 

38  to  42 

QH 

FMP 

RHC 

0 

35 

42  to  46 

QH 

FMP 

LHC 

0 

35 

D 

tJ 

90 

46  to  55 

QH 

LWSD 

RHC 

- 

■ 

55  to  60 

QH 

FMP 

H81V 

270 

35 

Additional  test  parameters: 

= 127  chips,  D2  = 490  chips. 

CR  = 5 MHz,  CL  = 1023  bits. 

T,  = 0.2  0,  fjsec,  T2  = 0.2  Dj  psec. 


I 
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CONUS  night  legs  were  typically  of  20-min  duralioit.  with  test  headings  either  directly  toward 
or  90°  offset  from  the  A fS-O.  ITi  route  data  was  usually  acquired  with  the  forward  multipath  antenna 
During  the  I ebruary  1975  tests,  the  crossed-slot  antenna  was  used  to  acquire  data  during  approach, 
landing,  and  taxi  phases  at  three  airports:  Namao  (Kdmonton.  .Alberta),  O'llare  iChicago).  ami  .M'K 
I New  York)  oii  three  successive  days. 
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Multipath  Data  .Vquisition  Summary 


Multipath  ohannol  diaracteriration  llight  tests  are  listed  in  table  4-2.  During  the  Mardi/April 
|4t5  test  series,  a limited  amount  of  sea-state  data  was  acquired  by  TSC/USCCi  by  means  of  ocean 
buoys  launched  from  the  USC(i  vessel.  Details  of  the  sea-state  data  analysis  are  described  in  volume 
IV.  appendix  B. 

4.2.5  Sea-State  Buoy  Data 

Sea-stale  measurement  data  was  acquired  using  a wave  following  sea-state  buoy  deployed  from 
the  USCC;  Cutter  Gallatin.  Buoy  instrumentation  included  a magnetic  compass,  gimballed  roll  and 
pitch  gyros,  and  three-axis  strap-down  accelerometers.  The  roll  and  pitch  gyros  provided  angular  infor- 
mation for  determination  of  wave-slope  distributions,  while  the  accelerometer  outputs  yielded  data 
relative  to  the  spectra  characteristics  ol  the  ocean  surface.  Small-scale  undulations  (waves  of  length 
less  than  approximately  I m)  were  sensed  by  an  array  of  10  wave  staffs.  During  data  acquisition,  the 
buoy  was  tethered  to  the  USC'G  ship  and  information  was  conveyed  via  cable  to  the  ship,  where  it 
was  recorded  on  magnetic  tape. 

Ocean  buoys  acquired  sea-state  data  on  one  day  in  January  1075  and  on  five  days  during 
March,  April  1075.  During  the  March/April  series,  three  of  the  five  days  on  which  sea-slate  measure- 
ment data  were  obtained  corresponded  to  days  on  which  multipath  channel  characterization  tests  were 
conducted.  1 he  multipath  tests  and  sea-state  measurements  were  not.  however,  truly  time  coincident 
typically,  the  times  of  multipath  test  conduct  and  sea-slate  measurement  differed  by  several  hours. 
Additional  sea-stale  buoy  deployments  were  made  for  system  calibration  purposes  during  l-'ebruary 
1075. 


4 3 MULTIPATH  DAT  A RLDUCI  ION  AND  ANAI  ^ SIS  PROGtDURtS 

This  section  gives  a brief  description  of  the  data  analysis  prticediires.  V'olumes  l\'  and  \’  pro- 
vide a comprehensive  discussion  of  this  subject. 

4,3.1  Data  Processing  Limctional  Mow 

F igure  4-3  depicts  the  processing  steps  involved  in  the  formatting,  reduction,  and  analysis  ol 
the  recorded  multipath  SACP  signal  arrays  and  the  aircralt-transmiltcr  parameter  tape 

At  the  Boeing  ground  si.iiion  lacility.  the  ilala  and  lime  tracks  were  initially  processi-il  by  tele- 
metry front  eml  1 1 1 I l equipment  that  routes  the  played-back  serial  data  through  Us  pulse  code 
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TABLE  4-2.  MUL  TIPA  TH  DA  TA  ACQUISITION  SUMMARY 


1 


Date, 

mo-dav-yr 

Elevation 

angle, 

deg 

Test 

duration, 
hr  1 min 

Remarks 

A.  Oceanic 

9-24  74 

30 

1-rOO 

Nomina) 

10-24  74 

18  to  23 

UOO 

Nominal 

10-28-74 

8 to  12 

UOO 

Nominal 

11  14-74 

3 to  8 

1+00  ' 

SACP  receiver  data  sign  bit  inoperative  causing  all 

11-15-74 

8 to  13 

1+00 

Doppler  data  to  be  of  one  polarity.  S(T,co)  function 

11  16-74 
11  21-74 

3 to  8 
19  to  23 

1+00 
1 +00  , 

1 

could  not  be  calculated.  Delay  spectra  data  unaffected. 

1-23-75 

3 to  8 

1+00 

Partial  data  acquisition,  faulty  100-W  PA  (30-W  TWT 
used) 

1-27  75 

8 to  13 

1+00 

Nominal 

1-28  75 

19  to  23 

1+20 

Aircraft  maneuvers  due  to  weather  avoidance 

1 30-75 

3 to  8 

1+00 

Nominal 

2-27  75 

30 

1+20 

Nominal 

3 25  75 

15 

0+20 

TOP  antenna  only 

3 27-76 

10  to  15 

1+00 

FMP  antenna  fault 

3-38  75 

3 to  8 

1+00 

FMP  antenna  fault 

3-31  75 

lOto  15 

1+00 

Nominal 

4-02-75 

7 to  11 

1+00 

Nominal 

4 03  75 

16  to  21 

1+00 
18  hr 

Nominal 

Oceanic  Test  Hours 

B.  CONUS 

9-19-74 

30  to  45 

4+00 

Eastern  U.S..  nominal 

10-30-74 

30  to  45 

4+00 

Eastern  U.S.,  nominal 

11  02  74® 

30  to  45 

4+00 

Northwest  U S . 50"o  of  data  acquired 

2 18  75® 

16  to  27 

4*30 

NW  Canada  to  Edmonton,  50%  of  data  acquired,  no 
useful  airport  landing  data 

2 19  75® 

27  to  40 

4+30 

Central  Canada  to  O'Hare.  nominal 

2 20  75® 



28  to  37 

4*30 
25.5  hr 



N.  Quebec  to  JF  K,  nominal 
CONUS  Test  Hours 

^Acqutred  data  with  both  fan  and  pencil  beams  of  ATS  6 
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modulated  (PC'M)  subsystem  to  the  programmable  data  distributor  (PI)D).  I'he  PDD  merged  time 
words  with  the  data  and  distributed  the  int'ormation  to  one  or  both  of  the  PDP  1 1 /45  eomputer’s 
input 'output  (I/O)  buses.  The  dual  PDP  computer  system  perlormed  three  basic  functions;  ( 1 ) con- 
version of  the  analog-recorded  data  tapes  into  digital-format  computer-compatible  tapes.  (2)  quick-look 
processing  of  the  multipath  data,  and  (3)  calculation  of  the  time-ordered  delay-spectra  arrays  that  were 
used  to  generate  the  time  history  of  the  multipath  channel  delay  spectra. 

Detailed  analysis  of  the  prober  data  was  performed  in  the  ( DC  tibOO.  Phis  analysis  provided 
a comprehensive  characterization  of  the  multipath  channel. 

Sea-state  buoy  data  was  analyzed  by  CNR.  Inc.  Analog  tapes  were  stripped  and  reformatted  at 
a DOr/TSC  facility.  Detailed  processing,  as  described  in  appendix  B,  volume  IV.  was  perlormed  on  the 
DOT/TSC  PDP  10  computer. 


I 

i 


4.3.2  .Algorithm  I'xecution  Sequence 


The  algorithm  execution  sequence  for  processing  the  multipath  channel  data  is  given  in  figures 
■4-4  and  4-5.  Comments  relative  to  selected  outputs  or  processing  blocks  are  given  below 

/ (Jiiii  k-l.ook  Real- rime  PUn  haek  Data  Analysis  This  quick-look  output,  directly  available 
from  the  PDP  1 1/45  system,  provides  both  oscilloscope  display  plots  and  hard-copy  numerical  output. 
Trom  this  information,  the  operator  may  investigate  data  quality  and  system  parameters  and  may 
identify  data  intervals  of  special  interest. 


4 .’’.J.J  RelornuineiiSACriVyilal  Tapes  Analog  source  tapes  are  processed  to  provide  computer- 
compatible  digital  tapes. 

Delav-Spei  Ira  Time  llisinrv  Tor  all  periods  of  valid  data  collection,  the  scatter  channers 
delay  power  spectral  density  (psd)  is  determined  in  a time  running  nonovei lapping  manner  with  psd 
estimates  being  calcul.ited  over  a 2-sec  interval.  The  outputs  that  occur  once  every  2 sec  are  given  m 
both  numerical  and  three-dimensional  plotted  formats.  Respectively,  these  d.ita  provide  both  a qu.in- 
titative  and  ,i  comprehensive  overview  description  of  the  ch.mnerv  time-variant  delay-spectra 
characteristics. 


■1  A 2 4 T)eia\ -Doppler  Seat  ter  Tnwer  Speelral  Densitv  S(t.co)  This  lunclion  represents  the  ilisiri- 
biition  ol  ilitifisely  sc.ittered  power  .irriving  at  the  receiver  with  Doppler  Irequcncy  ui  anil  time  del.iv  r 
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Figure  4-5.  Multipath  Algorithm  Execution  Sequence  — Part  2 


For  the  zero-mean  complex  Gaussian  random  scatter  process,  Str.u))  completely  characterizes  the 
channel  statistics. 


■4..\2.5  Integral  and  I'ourier  Operations  on  S(t.u>)  1 he  scatter  lunction  S(t.cj)  contains  all  the 

ingredients  needed  for  the  derivation  of  equivalent  and  lower  order  channel  parameters.  Software 
modules  are  contained  within  the  C'DC  (>600  routines  to  derive  the  joint  time-frequency  autocorrela- 
tion function  R(^,S2).  time  autocorrelation  function  Rt^.O).  frequency  autocorrelation  function 
R(0.J2),  Doppler  spectrum  D(cc),  delay  spectrum  Q(t),  and  total  mis  scattered  energy  <|I|->. 

4.J.2.h  Channel  Spread  Parameters  From  the  D(oj),  0(t),  and  R(J.0)and  RtO.H)  distribu- 
tions, lower  echelon  first-order  channel  parameters  such  as  the  Doppler  spread,  delay  spread,  decorre- 
lation time,  and  coherence  bandwidth  of  the  scatter  channel  are  estimated. 

4 2.2.  7 .Voi.se  Determination  and  Removal  (SDandR)  The  outputs  of  the  SAC'l’  multipath  correla- 
tor contain  desired  signal  data,  spurious  signal  terms,  low-pass  additive  thermal  noise,  and  receiver 
arithmetic  noise.  Under  normal  S.AGP  operating  conditions,  the  .N'DanJK  algorithm  statistically  elimi- 
nates these  noise  terms  from  the  data  on  a tap-by-tap  basis. 

4.. 1.2.5  . Xntenna-Pattern-Lfjeets  Removal  Design  criteria  for  the  forward  multipath  antenna  were 

established  to  provide  a radiation  pattern  with  nearly  uniform  coverage  over  the  effective  scatter 
region.  However,  for  certain  tlight  direction  headings,  the  fidelity  of  the  channel  measurement  may  be 
enhanced  by  applying  the  antenna-effects-removal  algorithm.  This  routine  operates  on  the  noise-free 
Sir.co)  estimate  to  provide  an  equivalent  scatter  function  that  would  be  measured  with  a perfect  uni- 
form-gain antenna. 

4.. y.2.h  lap  . implitiule  and  Phase  Distrihntions  Determm.iiion  of  the  fundamental  statistical  prop- 

erties ol  the  scatter  process  requires  that  the  received  signal's  time-domain  lluctuations  be  character- 
ized. file  probability  distributton  and  its  associated  mean  atid  variance  tor  these  lluctuations  are 
derived  for  each  tap's  1 component.  Q component.  ,ind  phase  angle.  I he  process's  composite  signal 
may  alsir  be  subiecteil  to  these  operations.  I xperimental  disti ibutions  are  compared  to  the  lesults 

for  the  complex  (laussiati  channel  via  the  x"  goodness-ot-lit  test. 

4 .1.2. 10  lap  Process  ( ross-(  orrelations  I'he  degree  ol  coherency  between  any  twai  taps  in  a par- 
ticular tap  bank  or  in  cross-polari/ed  banks  tie.,  one  horizontal,  the  other  vertical  I is  measured  through 
use  ol  the  normalized  cross-correlation  fiinci..m. 
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4.3.2. 1 / Tap  / and  Q Dependency  For  random  rougli-siirtacf  scattering  where  the  electromagnetic 
wave  undergoes  deep  phase  modulation  at  the  multipath  interlace,  we  expect  that  the  I and  0 compo- 
nents of  the  received  signals  are  statistically  Independent.  1 his  condition  is  explored  by  determining 
the  zero-lag  normalized  correlation  coelTicient,  R|q(U),  between  a tap’s  orthogonal  components. 

I 

4.3.2.12  Tap-Gain  .liiroeorrelation  T'linction:  U(t.^1  An  estimate  of  the  channel’s  tap-gain  auto-  j 

correlation  function.  Uir.f).  is  derived.  This  function  measures  the  autocorrelation  function  of  the  1 

multipath  process  on  a tap-by-tap  basis  and  is  available  (magnitude)  as  a three-dimensional  output  plot  j 

from  the  software  package. 

4.3.2. 13  Sxsieni  Calibration  Tarameter  Data  Magnetically  recorded  data  pertaining  to  receiver 
system  operation  (e.g..  direct  and  multipath  channel  gains),  transmitter  power  amplifier  outputs,  and 
aircraft  (light  parameter  descriptors  are  computer  reduced  to  aid  in  the  normalization  of  the  scatter 
channel  power  returns.  These  data  also  serve  as  a data  collection  integrity  measure  and  are  used  pri- 
marily to  augment  the  logged  llight  test  data. 


4.4  CX’FAN'IC  MULTIPATH  TFST  RFSULTS 

Probes  of  the  oceanic  multipath  medium  were  conducted  on  I 8 separate  occasions  covering  a 
range  of  elevation  angles  from  to  and  a variety  of  North  Atlantic  sea  conditions.  Results  illus- 
trate the  delay-Doppler  scatter  function;  outputs  from  Fourier  and  integral  operation  on  the  scatter 
limction  (e.g..  delay  spectra,  autocorrelation  functions,  total  scattered  energy,  etc  );  the  spread  values 
of  the  delay  spectra.  Doppler  spectra,  anil  autocorrelation  functions;  and  characterization  of  the  com- 
plex receiver's  time-domain  statistics. 

Linear  polarization  results  are  compared  with  predictions  based  on  surface  integration  ot  the 
physical  optics  vector  scatter  model  as  applied  to  a very  rough  surface  possessing  an  isotropic  slope 
distribution  ol  the  (iaussian  form.  When  applicable,  the  measured  channel  parameters  are  also  com- 
pared with  theoretical  predictions  based  on  the  "steepest  descent"  solution  to  the  integral  formula- 
tions that  develop  under  the  closed-form  approach  to  the  channel  characterization.  Only  a limited 
amount  of  sea-state  measurement  intormation.  aciiuired  during  the  March  U)7.s  tests,  was  .ivail.ible 
Since  the  sea-state  me.isiirements  and  the  multip.ith  tests  were  never  truly  time  coincident,  a one-tivone 
comparison  ofexperiment.il  results  and  theory  for  a specillc  measured  sea  condition  was  not  possible 
.A  range  of  rms  slopes  .ind  an  assumed  "typical’’  value  were  therefore  used  tor  the  bulk  ol  the  correl.i- 
turn  between  experiment  .mil  theory . I he  sea-st.ite  measurement  data  was  used  lor  v.ilid.ition  ol  the 
range  ol  sea  slopes  ,ind  other  assumptions  rel.itive  to  se.i-slope  distributions  mcorpor.iled  m the  inputs 
to  the  physical  optics  vector  model  calculations. 


4-1.^ 


Dday-Doppler  SLUiler  Fiinclion:  S(r.co) 
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1 or  oceanic  scatter  at  L-band  treiiucncics,  there  are  seientitic  reasons  (based  on  the  time-series 
analyses  of  sec.  5.4,  vol.  V ) to  believe  that  the  multipath  channel  is  adequately  described  as  a zero- 
mean  complex  Ciaussian  process.  Since  the  experimental  test  conditions  are  processed  in  time  seg- 
ments on  the  order  of  ('  sec.  we  may  also  assume  m general  that  the  effective  scatter  region  traverses  a 
surface  area  over  which  the  significant  electrical  and  statistical  physical  parameters  are  relatively 
invariant.  Uiulei  these  conditions,  which  appear  to  be  representative  of  the  channel  statistics,  the 
delay-Doppler  scatter  tunction  Str.ui)  completely  characterizes  the  statistics  of  the  channel  (ret.  4-2). 
Str.u))  represents  the  power  spectral  density  of  multipath  energy  arriving  at  the  receiver  with  delay  r 
and  Doppler  frequency  shift  to.  It  is  derived  by  taking  the  Fourier  traiisfonn  of  the  complex  delay 
ivip  processes. 

Several  fundamental  observations  have  been  made  relative  to  the  energy  distribution  dependen- 
cies ol'  SiT.to)  upon  grazing  angle,  flight  direction,  and  polarization.  lypically.  these  functional  rela- 
tionships are  most  easily  discussed  when  the  scatter  function  is  reduced  to  lower  echelon  relationships 
such  as  the  Doppler  spectra,  spreads,  etc.  Observations  relative  to  the  lower  order  parameters  are  found 
in  following  sections  In  this  section  we  discuss  some  of  the  more  distinct  properties  that  have  been 
deduced  from  the  .Str.uJ)  observations. 

Three-dimensional  plots  of  the  experimentally  derived  scatter  liinction  are  presented  in  volume 
\'  for  a comprehensive  range  of  test  parameter  permutations.  Drawing  from  this  sours’c.  we  present 
sample  Sir. to)  distributions  for  the  mid-grazing  angle  ( I D’  to  Ib^^l.  lioriz.ontal  polarization  probe. 

Ihese  data,  which  also  inchule  the  unidimensional  spectra  autocorrelation  functions,  tire  given  in  fig- 
ures 4-0  anil  4-''  for  (light  vectors  corresponding  to  the  in-plane  and  cross-plane  directions,  respectively  . 

From  these  figures  and  the  .Str.wl  data  ensemble  of  volume  V.  it  is  readily  observed  that  the 
scatter  lunction's  energy  distribution  m the  Doppler  variable  coordinate  exhibits  a pronounced 
dependence  upon  the  iliivi  (ion  ot  the  aircraft's  velocity  vector.  For  cross-plane  (light  directions  ti  e.. 

K(  • 1 .15  lly  ing  broadside  to  A FS-0  direction ).  St  r.co  I possesses  a high  tiegree  of  Doppler  coordinate 
sy  mmetry  . On  the  other  hand,  tor  the  45'’  and  in-plane  velocity  direction  the  asymmetry  of  the  scat 
ter  (unction  becomes  increasingly  significant.  In  tact,  for  (he  m-plane  case  we  note  that  .is  the  delay 
tap  number  increases,  the  negative-frequency  dispersion  ol  a particular  tap's  Doppler  spectrum  lu- 
cre ,ises  accordingly . in  comparison,  the  positive-frequency  range  is  rather  limited  and  has  a bandwidth 
that  IS  relatively  invariant  Irom  tap  to  lap.  We  also  note  that  lor  a p.irticular  m-pl.ine  delay  lap  (r), 
the  resultant  Doppler  spectrum  has  two  very  distinct  spectral  "humps"  that  correspond  to  the  upper  .ind 
lower  Irequency  limits  over  which  physically  possible  multipath  is  relumed  Ihese  aircrall  heading 
dependencies  are  m agreement  with  the  model-predicted  results  ol  section  4 5 and.  ,is  outlined  there, 
we  may  ascribe  the  speclr.il  "humps"  ol  the  m-plane  d.ila  sets  to  the  lollowing  two  laclors 

a.  I or  m-pl.me  llieht  directions,  the  surlace  elements  responsible  lot  leliiinmg  energy  into 
the  upper  .md  lower  Doppler  limits  ol  a p.nticiil.ir  del.iy  l.ip  he  .ilong  the  gieal  urcle  p.ilh 
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Figure  4-6.  Oceanic  Multipath  Parameters  — Horizontal  Polarization,  16°  Grazing  Angle,  In-Plane  Geometry 


joining  the  subaircrat't  and  subsatellite  points  and  thus  may  be  shown  to  have  a signifi- 
cantly larger  scatter  cross  section  than  any  of  the  other  elements  that  return  energy  into 
the  delay  tap. 


b.  The  second  and  perhaps  more  important  factor  is  a consequence  of  the  large  area 
(maximum  for  each  tap)  that  gets  mapped  into  the  extremities  of  a particular  tap’s 
Doppler  spectrum.  This  occurs  since  the  delay  contours  and  the  contours  of  maximum 
Doppler  shift  have  tangential  intersection.  Mathematically,  this  is  equivalent  to  maxi- 
mizing the  Jacobian  (ref.  4-2)  of  the  transformation  from  surface  spatial  coordinates  to 
the  delay-Doppler  coordinates  of  the  receiver. 

The  phenomenon  described  in  item  b above  holds  valid  for  all  (light  test  directions;  however,  as  the 
direction  moves  increasingly  away  from  the  in-plane  case,  the  tangential  intersections  between  the 
delay  contours  and  their  extreme  Doppler  contours  move  further  away  from  the  great  circle  path  and 
are  accordingly  associated  with  reduced  scatter  cross  section  (i.e.,  we  have  a tradeoff  between  area 
intercept  and  the  attendant  scatter  cross  section).  For  the  low  delay  returns  associated  with  the  45*^’ 
and  cross-plane  heading  cases,  we  arc  able  to  observe  that  the  area  intercept  factor  outweighs  the 
reduced  sc.itter  cross  section  and  produces  a distribution  tending  to  be  heavy  tailed;  the  opposite 
appears  to  be  true  for  the  large  delay  tap  values. 

With  respect  to  the  grazing  angle  dependence  of  S(t,co),  it  has  been  observed  that  a definite 
decrease  in  Doppler  dispersion  corresponds  to  a decrease  in  grazing  angle.  A decrease  in  grazing  angle 
is  also  accomp;inied  by  an  increase  in  the  asymmetry  properties  of  the  in-plane  scatter  function.  I'his 
factor  is  responsible  for  increasing  the  dissimilarities  between  the  alternate  (light  direction  Sir.co) 
tunctions  as  the  grazing  angle  decreases.  Note  that  tor  an  upper  grazing  angle  limit  of  4()‘’,  the  scatter 
lunction  will  not  be  inlluenced  by  the  direction  of  the  (light  velocity  vector. 

lo  properly  interpret  the  in-plane  mid-  to  losv-angle  Doppler  spectra  characteristics,  it  is  impor- 
tant to  note  the  behavior  of  Sir.tol’s  positive-frequency  spectra  “humps.”  Referring  to  figure  4-b,  for 
example,  we  observe  that  the  scatter  function's  positive-fre(]ucncy  shoulder  quickly  becomes  asymp- 
totic to  a relatively  low-frequency  Doppler  value.  Thus  all  returns  with  significant  energy  from  the  sub- 
saiellite  side  of  the  specular  point  have  nearly  identical  Doppler  shifts  and  produce  a resultant  compos- 
ite signal  Doppler  spectrum  with  a very  pronouncetl  peak  density. 

I he  capability  to  simultaneously  conduct  horizontal  and  vertical  polarization  surface  probes 
allows  one  lo  draw  comparisons  between  the  two  probes  under  identical  surface  conditions.  Analysis 
ot  the  appropriate  dat.i  sets  ol  volume  V reveals  that  the  vertic.il  and  horizontal  SIt.ojI  functions 
h.ive.  with  the  exception  ol  their  absolute  magnitudes,  quite  similar  distributional  shapes.  Fdr  the 
lower  grazing  angle  condition,  we  are  able  to  discern  that  the  relative  weighting  between  a lap's  nega- 
tive and  positive  Doppler  returns  is  larger  lor  the  vertical  polarization  data  than  it  is  for  the  horizontal 
polarization  counterpart  This  phenomenon  results  Irom  the  tact  that  as  the  scalier  elements  move 
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toward  the  suhaireratt  location  ti  e.,  negative  Doppler  returns),  their  local  elevation  angles  increase  as 
opposed  to  a decrease  lor  locations  progressively  closer  to  the  subsatellite  location.  Since  the  vertical 
retlection  coetficient  (lor  grazing  angles  greater  than  the  Brewster  angle)  increases  with  an  increase  in 
grazing  angle  while  the  horizontal  polarization  coel'ticient  is  relatively  constant,  the  negative  Doppler 
return  lor  a particular  tap  will  have  a larger  ratio  ol  vertical-to-horizontal  scattered  energy  than  the 
positive  Doppler  returns.  This  phenomenon,  discussed  in  more  detail  in  section  5.2.6,  volume  V.  is  , 
referred  to  as  "Brewster  angle  t'ill-in." 

4.4.2  Delay  Spectra.  Doppler  Spectra,  Time  and  Hrequency  Autocorrelation  Functions 

To  obtain  an  alternate  representation  and,  in  some  cases,  an  easier  interpretation  ot  the  multi- 
path  scatter  characteristics,  the  delay-Doppler  scatter  function  was  subjected  to  a variety  of  integral 
and  Fourier  operations  that  yielded  the  following  channel  parameter  estimates: 

Delay  spectra 

Frequency  autocorrelation  function 
Doppler  spectra 
l ime  autocorrelation  function 
lolal  rnis  scattered  energy 

.■\  summary  discussion  of  the  first  four  parameters  is  given  in  the  following  paragraphs  (total 
rms  scattered  energy  is  covered  m sec.  4.4.3).  A more  detailed  discussion  and  a comprehensive  set  of 
data  are  contained  in  volume  V.  In  addition  to  the  above,  the  joint  time-frequency  autocorrelation 
function  is  also  treated  in  volume  V. 

4 4.2. 1 Di‘td\  Spa  Ira  Q(t)  Lstimates  of  the  multipath  delay  spectra,  Q(r).  are  obtained  by  inte- 
grating the  "noise-removeir  delay-Doppler  scatter  function  over  the  Doppler  variable.  I'hus  Q(t) 
represents  the  power  spectral  density  of  the  scattered  signal  component  that  arrives  at  the  receiver 
with  delay  r In  this  report  we  select  the  specular-point  return  as  the  zero  reference  value. 

.An  obvious  char.icteristic  of  the  measureil  delay  spectra  is  the  fact  that  there  is  very  little 
observed  (light  direction  orgr.izmg  angle  influence  on  the  energy  dislribiitiim  1 he  llight  direction 
independence  is.  of  course,  expected.  We  also  note  that  for  a constant  surface  slope  condition,  the 
model  predictions  (both  spectra  and  sprcails)  of  section  5.3  similarly  predict  a relatively  small  grazing 
angle  innuence 

I’rohcr  polarization  intiuences  on  the  rellection  process  arc  observed  to  produce  delay  spectra 
lor  vertical  polarization  that  are  much  heavier  tailed  than  their  horizontal  polarization  counterparts 
Furthermore,  this  eflcct  becomes  more  significant  as  the  grazing  angle  decreases. 
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A L'oinparison  of  the  experimental  data  with  the  theoretically  predicted  delay  spectra  reveals 
that  the  above  observations  are  fairly  well  duplicated  by  the  model.  In  general,  the  model  results 
appear  to  exhibit  the  greatest  degree  of  similarity  to  the  measured  spectra  for  the  assumed  sea-slope 
condition  of  b^. 

■4. 4. 2. 2 f-rciitu'iu  v AutnconcUitUm  I'linclion:  I he  frequency  autocorrelation  function, 

RiO.nt.  represents  the  degree  of  correlation  between  two  received  signals,  separated  by  S2  hertz,  that 
traverse  identical  paths  through  the  channel.  In  this  report,  the  direct  line-of-sight  signal  component 
ts  I’xi  liiih’cl  and  thus  R|0,S2)  is  obtained  in  a straightforward  manner  by  taking  the  inverse  I'ourier 
transform  of  the  multipath  delay  spectrum. 

As  for  the  delay-spectra  characteristics,  we  observe  that  the  magnitude  of  RlO.Sii  exhibits 
almost  no  dependence  on  aircraft  heading  or  system  grazing  angle.  I heoretically.  aircraft  he.iding 
should  have  no  inlliience  at  all  on  the  delay  spectra  or  the  frequency  autocorrelation  lunction.  These 
results  are  in  accord  with  model  predictions  under  the  constraint  of  a constant-sea-surtace  rms  slope 

Prober  polarization  is  observed  to  have  by  far  the  most  significant  effect  on  Ilie  frequency  aufo- 
correlation  tunction.  with  the  horizontal  results  being  heavier  tailed  than  their  vertical  polarization 
counterparts.  The  extent  of  this  effect  is  seen  to  increase  for  a decrease  in  grazing  angle.  .Vg.iin  these 
results  are  in  agreement  with  the  model  predictions  and  are  directly  related  to  the  observed  polariza- 
tion effects  on  the  delay  spectra  tvertical  polarization  spectra  heavier  tailed  than  the  horizontal  results) 

4 4 2. .'  Dnpi>U  r Spci  ini  P( u)l  ,\  Doppler  frequency  slid  l is  induced  upon  Ihe  individii.il  compo- 
nents of  a scattered  signal  when  a relative  motion  exists  between  the  rough  surlacc  and  the  tiansmiltei 
receiver  terminals.  In  general,  this  frequency  shift  is  expressed  as  Ihe  sum  ol  two  terms,  one  arising 
from  the  surface  dynamics  and  the  other  being  due  to  terminal  motion  relative  to  an  insl.inlaneouslv 
static  surface.  In  our  case  Ihe  .A  T.S-(i  satellite  is  stationary  and  the  velocity  of  the  KC-I  .f  5 let  airplane 
IS  sufficiently  large  to  consider  the  oceanic  surface  to  be  frozen.  Hence,  Ihe  Doppler  shift  .issoci.iied 
with  a particular  surface  sc.dter  element  is  a lunction  only  of  aircr.ilt-orienled  sy  stem  par.imeleis  Vn 
estimate  ol  Ihe  total  scattered  signals'  Doppler  power  specir.il  density,  Ditu).  is  obtained  by  inlegi.it- 
mg  t/ie  Sir.u!)  function  over  its  delay  variable  The  Doppler  coordinale  v.iriable.  to,  is  esiablislieil 
rel.itive  to  Ihe  frequency  ot  Ihe  direct  hne-ol-sight  signal  I or  cross-pl.inc  lliglil  diiections.  this  refer- 
ence IS  identical  to  Iiie  specular-point  Doppler  shift  whereas  lor  iii-plane  ilirections  ,i  tlitlerciili.il  Dop- 
pler on  the  order  ol  4 Hz  exists  between  Ihe  specular  point  ,iiul  direct  signal  paths 

Ihe  experimental  data  sets  show  that  Ihe  channel's  Doppler  spectrum  is  very  liepeiulenl  on 
grazing  angle  .ind  IlighI  direction  system  parameters.  As  vvoulil  be  expected  Iroin  Ihe  coircspoinhng 
SlT.uii  distribution,  the  Di'ppler  spectrum  is  highly  symmelric.il  lor  Ihe  cross-pl.me  flight  geomelrics 
and  resembles  a zero-mean  (.aussian  distribution  whose  variance  decreases  with  a decre.ise  m er.izing 
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angle.  These  characteristics  also  apply  fairly  well  to  the  45*’  flight  direction;  however,  there  is  a ten- 
dency for  the  negative-spectra  realm  to  he  slightly  more  dispersed  and  thus  tieavier  tailed  than  the 
pcisitive  region.  On  the  other  hand,  tor  the  in-plane  flight  direction  the  Doppler  spectrum  is  highly 
asymmetric,  with  the  distribution  being  very  heavy  tailed  in  the  negative-frequency  region  and  posses- 
sing a spectral  maximum  that  coincides  closely  with  a Irequency  uppier  limit  in  the  positive  Doppler 
realm  above  which  the  energy  distribution  has  a precipitous  tallot'f.  I liese  in-plane  geometry  attributes 
become  increasingly  pronounced  as  the  grazing  angle  decreases.  In  fact,  at  the  lower  grazing  angle 
values,  the  Doppler  spectrum  has  an  extreme  high-density  peak  at  a very  low  positive  Doppler  value 
above  which  no  energy  exists  and  an  exponential-like  decay  for  the  energies  whose  frequencies  lie 
below  the  Doppler  upper  limit.  This  phenomenon  results  in  very  low  Doppler  spread  measure  lor  the 
low-angle,  in-plane  geometry  conditions. 

With  respect  to  Doppler  spectra  polarization  dependence,  the  vertical  polarization  results  have 
a significantly  higher  percentage  of  energy  in  the  negative-frequency  portion  of  their  distributions  than 
do  the  corresponding  horizontal  results,  especially  for  the  low -grazing-angle  conditions. 

Unlike  the  results  for  the  delay  spectrum,  the  antenna  pattern  inlluence  on  the  Doppler  spec- 
trum is  shown  (in  vol.  V ) to  be  significant  enough  to  merit  consideration.  Specifically,  for  the  in-plane 
flight  geometry  case  we  expect  that  as  the  grazing  angle  decreases,  the  Doppler  spectrum  is  subjected 
to  an  ovcrcstimation  bias  in  the  central  portion  of  its  negative-frequency  realm,  fhis  implies  that  a 
region  on  the  subaircraft  side  of  the  specular  point  receives  more  antenna  gain  than  is  directed  toward 
the  specular  point  and  results  from  antenna  beam  pointing  factors.  As  a quantitative  measure,  the  low- 
angle  (7*’)  in-plane  Doppler  spectrum  for  a typical  case  is  predicted  to  be  biased  by  roughly  +10';  at  its 
spectra  mid-decile  level  and  +.10'';  at  its  lower  decile  level. 

4.4. 2.4  Time  Autocorrelation  Tunetion  K(^.O).  the  time  autocorrelation  function  ol  the 

multipath  channel,  represents  the  degree  of  correlation  between  two  received  signals  that  artive  at  the 
receiver  after  being  transmitted  as  cw  signals  with  identical  frequencies  but  offset  in  time  by  { sec- 
onds. We  restrict  our  attention  entirely  to  the  multipath  component  of  the  channel  and  thus  obtain 
the  R(J.O)  estimate  by  performing  an  inverse  I miner  transtbrin  on  the  scattered  siunals'  Doppler 
spectrum. 

Hie  RtJ.O)  distribution  has  characteristic  ilepemlencies  upon  aircraft  heading,  grazing  angle, 
and  probe  polarization.  While  the  iiinueiice  ol  the  aircraft's  lliglit  vector  direction  is  noticeable,  it  is 
not  nearly  as  distinct  as  it  is  for  the  f mirier  transform  of  KiJ.Ol.  the  Doppler  spectium  In  genei.il. 
we  note  that  the  in-planc  llight  ilirection  proiluccs  a time  autocorrelation  tunetion  tli.it  appears  iir  be 
heavier  tailed  than  its  cross-plane  counterpait 

.\s  expecteil.  the  elevation  dependence  rrf  Rtf.O)  is  seen  to  produce  an  incre.ise  in  spre.ul  lor 
a decrease  in  grazing  angle  Also,  as  one  would  predict  from  the  Doppler  spectra  measurements,  the 
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horizontal  and  vertical  polarization  R(^,0)  results  become  increasingly  dissimilar  as  the  grazing  angle 
decreases,  with  the  horizontal  results  exhibiting  much  slower  decay  than  their  vertical  polarization 
counterparts. 

The  elTects  of  antenna  spatial  filtering  on  the  in-plane  R(J,0)  estimates  are  given  in  volume  V. 
I'he  high-angle  data  is  relatively  uninlluenced  by  the  antenna  pattern,  whereas  the  low-angle  data 
exhibits  elTects  that  are  consistent  with  the  observed  effects  on  the  Doppler  spectrum.  In  other  words, 
the  Doppler  spectra  overestimation  produced  by  the  antenna  perturbation  is  translated  into  a time 
autocorrelation  function  effect  that  causes  the  distribution  to  decay  too  rapidly  (roughly  30'/f  at  the 
origin  I. 

4.4.3  Total  RMS  Scattered  Kncrgy 

I'o  relate  the  intensity  of  the  multipath  scatter  process  to  a quantitative  measure,  the  channel 
mean  square  scatter  coefficient  (D  has  been  derived  for  both  horizontally  and  vertically  polarized 
data.  The  term  T is  defined  as  the  ratio  of  total  energy  scattered  into  the  receiver  relative  to  the 
energy  incident  upon  the  surface  and  is  obtained  from  the  following  formulation; 


I-  tMdB. 

<|D|->  t'l 

where: 

<1  I l“>=  mean  square  multipath  power  obtained  by  integrating  Str.u;)  over  its  delay  and  Dop- 
pler variables 

■> 

<|D|->=  mean  square  direct-path  signal  obtained  by  coherently  summing  the  direct  tap  outputs 
to  form  a composite  signal,  which  in  turn  is  subjected  to  a mean  square  calculation 

^'D^^'l  = adjustment  factor  to  account  for  direct  and  indirect  channel  gain  differences,  etc. 

f igure  4-iS  presents  the  experimentally  derived  values  of  T as  a function  ot  grazing  angle.  .Mso 
shown  are  scatter  model  predictions  representing  expected  results  for  assumed  rnis  sea  slopes  ot  3‘’  ami 
13'’.  In  general,  the  experimental  and  theoretical  T values  predicted  by  the  physical  optics  vector 
scatter  model  are  in  close  accord.  We  note  that  for  grazing  angles  greater  than  roughly  10"  the  model 
predicts  rms  sea  slope  to  have  a very  small  effect  on  the  total  energy  content  ot  the  scattered  signal. 
.Mthough  the  scatter  coelficient  s dependency  upon  sea  slope  could  not  be  determined  explicitly  exper- 
imentally because  sea-slope  measurements  with  ,i  one-tivone  correspondence  with  the  multipath  meas- 
urements was  not  available,  the  experimental  data  tor  these  elevation  angles  iloes  .ippear  to  be  consist- 
ent with  this  observation  ,\t  the  lower  grazing  angles,  however,  the  rms  scatter  coetficients  do  not 
appe.ir  to  be  totally  immune  Irom  the  sea-slope  inlluence  I or  angles  in  the  vicinity  ot  the  Rrevvsiei 
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angle  (==(1^’).  the  ve'rlieally  polari/.ed  1^  values  tend  to  iiurease  with  an  inerease  in  slope,  whereas  the 
opposite  oeeurs  tor  horizontal  polarization.  In  the  limit  as  the  surlaee  slope  approaches  zero,  the  Iheo- 
retieal  curves  take  on  values  predicted  by  the  relationship  lOKl".  where  1)  is  the  spherical-earth  rcllec- 
tion  coelTicient  and  R is  the  smooth-earth  I'resnel  rcllectioii  coelTicient  as  evaluated  at  the  specular 
point.  I his  result  corresponds  to  the  “steepest  ilescent"  cli'sed-l'orm  integral  solution  to  the  scatter 
phenomenon  (rel.  4-3 1 and.  with  the  exception  ol  the  vertically  polarized  data  in  the  vicinity  ol  the 
pseudo-Brewster  angle,  yields  predicted  V relationships  that  agree  (juite  well  with  both  the  theoretical 
and  experimental  results  ol  figure  4-S.  ,\t  the  pseudo-Bicwster  angle,  the  expression  lORl"  lor  verti- 
cal polarization  is  on  the  order  of  -20  dB.  which  is  seen  to  be  roughly  5 dB  below  the  experimental 
data  and  the  scatter  model  surface  integration  results.  Similar  departures  have  also  been  observed  tor 
numerous  Vllb  experiments  Iref.  4-4)  as  well  as  for  an  AIS-5  L-band  multipath  experiment  tret.  4-5). 

4.4.4  Spread  Values  of  Oceanic  Scatter  Parameters 

Some  of  the  most  useful  and  fundamental  measures  of  the  multipath  phenomena  relate  to  the 
spread  values  associated  w ith  the  scattered  signals'  delay  spectra,  Doppler  spectra,  time  autocorrelation 
function,  and  frequency  autocorrelation  function.  In  this  section,  these  data  are  given  for  both  hori- 
zontal and  vertical  polarization  probes  as  conducted  during  the  in-plane  and  cross-plane  llighl  direc- 
tions. For  the  delay  and  Doppler  spectra,  the  total  two-sided  3-  and  10-dB  spreads  are  presented 
whereas  only  the  one-sided  3-dB  spread  is  given  for  the  autocorrelation  functions 

In  comparing  the  experimental  spread  results  with  theoretical  expectation,  primary  emphasis 
IS  placed  on  predictions  derived  Irom  the  surlaee  integration  scatter  model  tsee  sec.  (1  of  vol.  V). 

Model  results  generated  for  rms  total  sea  slopes  of  3*’.  (/’,  and  12^’  indicate  that  the  majority  of  Bight 
test  conditions  were  associated  with  the  higher  slope  values.  Hence,  in  this  section  we  use  the  average 
ol  the  model  predictions  tor  ti‘’  anil  1 2‘’  sea  slopes  as  our  theoretical  expectation  standard.  .Mthough 
this  procedure  is  not  rigorous,  one  may  consider  it  to  be  representative  of  model  results  corresponding 
to  rms  sea  slopes  of  roughly  ' 

4 4 4 ! Dvtdv  Spread  Delay  spreads  for  the  horizontal  and  vertical  polarization  probes  .ire  given  in 
figures  4-')  and  4-1 1).  respcctivelv . I he  solid-line  relationships  lound  in  these  ligures  coi  respond  to  the 
scatter  model  surf.ice  integration  prediction  .is  evalu.iled  for  the  .iverage  of  the  'b'  and  1 2'’  rms  sea- 
slope  conditions.  ..\  very  weak  increase  in  spread  value  for  an  increase  m elev.iiion  .ingle  is  exhibited 
by  the  horizontal  polarization  d.ita  .md  by  the  3-dB  spre.id  v.ilties  ol  the  vertical  pol.iriz.ilioii  d.il.i,  I or 
the  lU-dB  vertical  polariz.ition  results,  we  observe  .1  sm.ill  mcre.isc  m the  spread  lor  gr.izmg  angles  in 


^ Mternativelv , the  experimenl.il  results  can  be  comp.ircd  with  model  picdictions  tor  specilic  se.i-slivpc 
values  Such  model  predictions  .ire  given  m section  4.5  ol  this  volume  l.md  discussed  m more  del.iil 
It)  vol  \ ) 
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Figure  4- 10.  Oceanic  Delay  Spread  Results  — Vertical  Polarization 


the  vicinity  of  the  pseudo-Brewster  angle.  Both  of  these  results  are  predicted  by  the  scatter  model, 
with  the  Brewster  angle  etteci  also  being  illustrated  mildly  by  the  vertical  polarization  3-dB  spreads. 
The  spread  increase  lor  the  vertical  polarization  probe  in  the  vicinity  ol'b°  is  related  to  the  same 
phenomenon  referred  to  previously  as  “Brewster  angle  fill-in  ” 

Tor  elevation  angles  between  10“  and  3 l“.  the  horizontal  polarization  3-  and  10-dB  spread 
measures  are  typically  0.7  and  3.0  /asec,  respectively;  lor  the  vertical  polarization  case,  these  measures 
are  sliglitly  larger  and  take  on  typical  values  of  0.0  and  3.3  /asec.  The  dispersion  associated  with  the 
experimental  data  is  ascribed  to  day-to-day  changes  in  the  surfaces  rms  slope. 


4 4 4,2  hrcqiu'm  \ Cohereni  c liandwidth  I he  term  coherence  bandwidth  is  used  to  describe  the 
spread  parameter  measure  associated  with  the  multipath's  frequency  airtocorrelation  lunction.  In 
essence,  it  provides  us  with  .ni  upper  frequency  limit  to  which  two  simultaneously  transmitted  L-band 
carriers  mav  be  separated  yet  still  meet  a specified  degree  of  correlation  at  the  receiver.  I or  this 
presentation  we  are  concerned  with  the  3-ilB  coherence  bandwidth  (i.e.,  the  received  signals  have  a 
correlation  coefficient  ol  0..s).  We  deal  only  with  the  sea-returned  energy  and  do  not  include  the 
eflects  of  the  excess  time  delay  between  the  specular-point  return  and  the  direct  line-of-sight  signal. 

For  direct  plus  multipath  signal  analyses,  this  excess  differential  delay  is  very  significant  and  hence  one 
cannot  use  the  results  presented  herein  Xodincth  predict  the  coherence  bandwidth  of  the  composite 
channel. 


Figure  4-1  I contains  ,is  a lunction  of  elevation  angle  the  experimentally  measured  3-dB  coher- 
ence bandwidth  values  lor  both  horizontal  and  vertical  polarization  probes.  Because  the  frequency 
autocorrelation  tunclion  is  derived  solely  from  the  channel’s  delay-spectra  distribution,  it  is  not 
dependent  on  airplane  heading.  I tins  the  results  Irom  both  in-  and  cross-plane  geometries  have  been 
combined.  It  is  observed  that  the  experimental  results  range  trom  a low  ol  70  kHz  to  a high  of  380 
kHz,  with  a typical  value  being  approximately  200  kHz.  I'he  data  trend  does  not  exhibit  a strong 
dependence  upon  grazing  angle,  although  we  do  note  a slight  tendency  for  the  results  to  increase  with 
an  increase  in  grazing  angle.  I'his  dependency  is  in  accord  with  the  model  prediction  curves,  which  also 
predict  a 3-dB  coherence  baiulwidth  value  that,  over  the  range  ol  elevation  angles  I'l  interest,  is  on  the 
same  order  as  the  average  ol  the  experimental  results.  We  also  observe  that  for  the  lower  grazing  angles, 
the  vertical  polarization  results  are  generally  lower  th.in  their  horizontal  polarization  counterparts 
whereas  the  opposite  trend  appears  for  the  l.irger  grazing  angles  .Again,  this  observation  is  m agreement 
with  ttie  model  piediclion  results 


4 4 4 ' /ki/i/i/iT  Sftrt  uil  Kcsulls  Irom  Itie  spread  measurements  i>n  the  multipath's  Doppler  spectra 
are  given  m ligures  4-1  2.  4-13,  ,ind  4-14  Hie  lirsi  iwai  ligures  correspotui  to  in-plane  IlighI  directions 
lor  horizontal  anil  vertic.il  pol.iriz.ition  probes,  lespcstivcly  . whereas  the  thinl  set  presents  the  cross- 
pl.ine  spreads  tor  both  polarizations  1 he  solul  curves  in  e.ich  ligtire  represent  prerlictions  derived  Irom 
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Figure  4- 13.  Oceanic  Doppler  Spread  Results  - Vertical  Polarisation,  In  Plane  Geometry 
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the  surlaef  miegrution  scatter  model.  .As  previously  discussed,  the  model  results  plotted  are  the  aver- 
age ol  predictions  lor  rms  sea  slopes  ol  (d’  and  I 2*^*  and  thus  represent  a first-order  approximation 
corresponding  to  an  rms  slope  condition  ol  discussion  and  lootnote,  p.  4-23). 

F or  all  lour  combinations  of  prober  polarization  and  aircraft  llighl  direction,  the  experimental 
data  trends  and  model  predictions  are  in  fairly  close  agreement.  In  particular,  it  is  observed  that 

a.  flic  data  trend  shows  a definite  inciease  in  Doppler  spread  for  an  increase  in  grazing  angle. 

b Both  the  10-  and  3-dB  Doppler  spread  values  are  appreciably  inlluenced  by  llight  direc- 
tion. with  the  in-plane  geometry  (especially  for  the  lower  grazing  angle  conditions)  pro- 
ducing smaller  spreads  than  the  cross-plane  condition. 

c.  For  the  in-plane  data  ensembles,  the  spreads  corresponding  to  vertical  polarization  are 
tv  pic.illy  larger  than  their  horizontal  counterparts. 

I wo  lairly  significant  factors  are  predicted  to  provide  an  ovcrestimuiion  bias  to  the  m-plane 
low-angle  Doppler  spread  experimental  measurements.  One  factor  relates  to  the  antenna's  spatial  fil- 
tering effects  which,  as  shown  in  section  5.b  of  volume  V.  result  in  overestimation  biases  on  the  order 
ol  d'i  and  2d';  for  the  low-grazing-angle  Doppler  spread  3-  and  lO-dB  measures,  respectively.  .Antenna 
perturb.itions  for  the  high-grazing-angle  conditions  are  not  nearly  so  significant,  with  the  3-dB  measure 
being  underestimated  by  1' ; and  the  U)-dB  spread  measure  being  overestimated  by  S7(.  The  second 
overestim.ition  bias  factor  pertains  to  aircrall  heading  meanders  that  would  cause  the  (light  direction 
vector  to  deviate  somewhat  from  the  true  in-plane  geometry  condition.  As  discussed  previously,  the 
Doppler  spectrum  for  low -grazing-angle  in-plane  tlight  direction  conditions  is  very  peaked  and  thus 
possesses  a relatively  small  spread  measure  .As  the  tlight  vector  moves  away  from  the  in-plane  direc- 
tion. the  spectrum  becotnes  increasingly  more  ( laussian-like  and  consec|uently  is  associated  with  a 
larger  spread  value.  .Assuming  the  aircraft  (light  vector  is  otfset  by  2^’  from  the  m-planc  direction,  the 
scatter  model  ot  section  4.5  predicts  that  lor  a rms  surlace  slope  the  Doppler  spreads  for  the  lO" 
grazing  angle  geometry  arc  larger  than  their  m-planc  3-  and  lO-dB  counterparts  by  Sd';  and  47  <. 
respectively. 


4 4 4 4 Di'Kirnhilitiii  I ime  Decorrelation  time  provides  us  with  an  iippc''  limit  on  the  time  separa- 
tion lor  which  two  I -b.ind  c.irriers,  traiisniilled  at  the  same  lrc(|iicncy,  w ill  still  meet  a specified  degree 
ot  coherency  at  the  receiver  It  is  derived  from  the  time  autocorrelation  lunction  of  the  multipath 
channel,  and  tor  this  ilocunient  wc  have  selected  the  3-dB  spread  mc.isiire  (i.c  . that  time  separation 
which  piodiiccs  a normalizeil  corrcl.ition  ci’cllicient  between  the  two  received  signals  ol  ().5l  As  in 
Ibe  coherence  bandwidth  presentation,  we  restrict  our  attention  entirely  to  the  multipath  sign.il  and 
ilo  not  incliiile  any  ellects  that  would  .irisc  Irom  the  presence  of  ,i  direct  line-ol  sight  rcceiveil 
component. 
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Since  tlic  time  antocorrekition  tunction  is  derived  exclusively  Ironi  Ihe  multipath  Doppler  spec- 
trum. one  expects  the  decorrelation  time  measurements  to  exhibit  a llight  direction  dependence,  l or 
this  reason  the  results  are  segregated  into  cross-  and  in-plane  data  sets,  which  are  presented  for  both 
polar\/.ations  in  tigures  4-1  5 and  4- lb.  respectively.  .\lso  contained  in  these  tigures  are  the  spread  rela- 
tionships as  derived  from  the  surface  integration  physical  optics  scatter  model. 

rite  experimental  results  are  in  relatively  good  agreement  with  theoretical  predictions,  l or 
both  tlight  geometry  directions,  the  data  trend  implies  a decrease  in  decorrelation  time  for  an  increase 
in  elevation  angle,  lypically.  the  data  set  averages  imply  decorrelation  values  on  the  order  of  7 to  10 
msec  and  2 to  3 msec  for  grazing  angles  in  the  vicinity  of  8*^’  and  30“,  respectively.  It  is  also  apparent 
that  tlie  vertical  polariz.ation  probes  and  tlie  cross-plane  tlight  direction  produce  modestly  smaller 
decorrelation  times  than  their  respective  orthogonal  parameter  counterparts.  This  tendency  appears  to 
be  maximized  tor  grazing  angles  in  the  vicinity  of  the  Brewster  angle. 


4.4.5  Cross-Bolarization  Joint  Statistics  and  Bower  Spectral  Density 

This  section  examines  the  joint  statistical  and  power  spectral  density  behavior  of  the  horizontal 
and  vertical  tap  processes.  Hence,  a portion  of  this  task  is  reduced  to  one  of  estimating  the  complex 
H-V  correlation  coefficient  for  the  tap  outputs,  i.e.. 


i<iiii‘> • <ivr> I - 


Ihe  above  i|uantity  indicates  the  physical  coupling  between  horizontally  and  vertically  polar- 
ized returns  for  a single  delay  contour.  In  attempting  to  derive  analytical  models  for  the  multipath 
'cattering  mechanism,  this  parameter  plays  .m  important  role.  Multipath  models  currently  in  use 
implicitly  assume  that  P||v  is  unity,  i.e..  that  a surface  capable  ol  scattering  verlically  pol.irized  sig- 
nals will  likewise  scatter  horizont.illy  pol.irized  sign.ils.  albeit  with  a different  intensity  ,ind  phase 
angle  In  gener.il.  the  experiment.illy  deriveil  P|[\  measurements  are  m accord  with  this  .issumplion 
\tter  application  ot  .i  noise-compensation  procedure,  results  were  observed  to  range  between  0..SN  .md 
U.b'’.  with  .111  .iverage  value  ot  ().‘>3  being  associated  with  Ihe  lot.il  analysis  d.ila  base 


Ihe  cross-power  spectrum  ol  the  H .iiul  V polariz.ilion  lap  processes  was  used  to  piovide  .in 
eslitnalc  ol  the  relative  phase  dillerence  induced  upon  the  orthogonally  polarized  signals  In  Ihe  lellee- 
tmg  medium.  Mlhoiigh  system  bias  efiecis  were  not  conipens.iled.  Ihe  trend  ol  the  d.il.i  piovules  sub- 
sl.inli.il  .igreement  with  results  predieted  by  Ihe  I resnel  reneclion  coellicieni  rel.ilioiiships 


3 dB  df*correlation  times,  msec 


<£>  Horizontal  polarization 
A Vertical  polarization 


Figure  4 15.  Oceanic  Decorrelation  Time  Results  - In-Plane  Geometry 


0 Horizontal  polarization 
A Vertical  polarization 


Figure  4-16.  Oceanic  Decorrelation  Time  Results  - Cross  Plane  Geometry 


4.4.6  Circular  Polariy-ation  Results 

In  the  design  of  operational  aeronautical  satellite  systems,  el'tects  of  the  oceanic  multipath 
interface  on  circularly  polarized  waves  are  of  particular  importance.  .-Xccordingly,  several  right-  and 
left-hand  circular  polarization  probes  of  the  oceanic  surface  were  conducted  during  the  latter  part  ol 
the  lliglit  test  series.  Hrom  the  standpoint  of  the  physical  optics  vector  scatter  formulation,  it  is  not 
necessary  to  perform  mo.  ■ ' alterations  to  include  the  effects  of  any  given  receive  or  Iran  .mit  polariza- 
tion vector.  In  general,  model  predictions  for  the  LHC  and  RIIC  prober  configurations  yield  spectral 
distributions  and  autocorrelation  functions  that  are  very  similar  to  the  corresponding  parameters  asso- 
ciated with  the  linear  polarization  emulations.  Similarly,  the  predicted  values  of  the  circular  and  linear 
polarization  spread  parameters  are  in  close  accord.  ,\s  expected,  the  one  area  in  which  the  1 IK  and 
RMC  polarization  inlluence  is  of  significance  relates  to  the  total  rms  scattered  energy  content  ol  the 
signal.  Because  the  satellite  antenna  is  RIIC.  the  polarization  sense-reversal  properties  ot  the  surl.ice 
cause  the  scattered  energy  corresponding  to  probes  transmitted  with  I IK'  polarization  to  be  received 
with  less  loss  than  for  probes  transmitted  with  RIK  polarization.  I bis  phenomenon  is  predicted  lor 
all  grazing  angles  greater  than  the  pseudivBrewster  angle  and  should  become  more  significant  as  the 
grazing  angle  increases. 

A summary  of  spread  parameter  measures  and  total  rms  signal  energy  content  obtained  for  a 
number  of  circular  polarization  probes  is  given  in  table  4-3.  With  the  exception  of  the  scatter  coeffi- 
cients, these  data  are  in  accord  with  the  linear  polarization  spread  results  given  prev  iously . The  scatter 
coefficient  measurements  may  be  compared  with  model-predicted  results  that  appear  within  the  paren- 
theses in  table  4-3.  In  general,  the  experimental  and  theoretical  coefficients  are  relatively  close.  How- 
ever, the  RIIC  coefficients  are  typically  somewhat  less  than  predicted  whereas  the  opposite  generally 
holds  valid  for  the  1 IIC  results.  This  observation  could  suggest  that  the  .\  I .S-()  antenna's  polarization 
may  not  be  perfectly  circular. 


4..X  I’ll'l  SK  \l  OIM  It  S .S(  Al  I I R MODI  1 PRI  l)K  1 IONS 

I One  ot  the  m.iior  ob|cctivi.'>  ot  this  experiinenl  was  to  substantiate  ,i  scatter  model  that  will 

accur.itely  predict  the  multipath  channel  characteristics  pertinent  to  tiiture  operation.il  oce.mic  aero- 
nautical s.itellile  systems  I xperiineiital  results  li.ive  been  correlated  with  theoreIic.il  predictions  li.iseil 
on  a surt.ice  integration  ol  the  classic.il  physical  optics  vector  formulation  sc.itter  model.  Sections 
4 ^ 3 through  4 '4  contain  model  preilictions  ol  selected  channel  p.iramelers  lor  a variety  ol  system 
conligur.ilions  and  .issuineil  surl.ice  ch.iracleristics  lest  p.ir.imeters  input  to  the  moilel  it.ihle  4-4  l 
were  selected  to  provule  a close  eimil.ilion  to  llie  experiment.il  conditions 
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TABLE  4-3.  CIRCULAR  POLARIZA  TION  SPREAD  AND  REFLECTION 
COEFFICIEN  T MEASURES 


A C 

Coherence 

Decorr 

Scatter 

Date, 
mo  day  V'’ 

Polari 

zaiion 

Elc>v, 

deg 

heatimg, 

deg 

BW,  3dB, 
kHz 

lOdB, 

H/ 

time,  3 dB, 
msec 

coeff.^ 

dS 

2 27  75 

LHC 

32 

0 

0 93 

2.74 

234 

185 

383 

2.6 

3.71 

(2.2) 

2 27  75 

RHC 

32 

90 

0.88 

3.26 

207 

178 

440 

1.8 

14  6 
1 16.8) 

4 3-75 

LHC 

21 

90 

2.69 

203 

143 

313 

2 5 

4 3 75 

RHC 

21 

90 

0.72 

2.60 

203 

113 

257 

2.6 

13.1 

(13.2) 

4 3 75 

LHC 

19 

0 

0.77 

3.02 

234 

131 

222 

3.9 

7.7 

(-3.2) 

43-75 

RHC 

19 

0 

0.54 

2.15 

351 

119 

174 

5 2 

11.3 

(-12.7) 

3 31  75 

LHC 

15 

90 

0.76 

3.37 

168 

113 

260 

3.1 

6.2 

(-4.1) 

331  75 

RHC 

15 

90 

0.57 

2.57 

196 

92 

21 1 

3.7 

12,4 

(11.6) 

3 31  75 

LHC 

14 

0 

0.65 

2.82 

210 

43 

148 

4.4 

-6.5 

(-4.5) 

331  75 

RHC 



14 

0 

0.59 

2.30 

237 

37 

111 

6.7 

11.5 
( 1 1.6) 

‘‘Qudntity  in  parenthesis  is  value  predicted  hy  tlie  physical  optics  vector  model.  Model  predictions  shown  are  tor  a 
sea  slope  of  9 


TA  BL  E 4-4.  INPU  T TES  T PA  RA  ME  TERS  FOR  PH  YSICA  L 
OPTICS  TTER  MODEL 


Test  parameter 

Description 

Aircraft  altitude 

10  km 

Aircratt  speed 

200  m/sec 

A.rcraft  heading 

Toward  satellite;  great  circle 
path  (in  plane) 

, 

1 

Broadside  to  satellite,  great  circle 
path  (cross  plane) 

Aircraft  antenna  polarization 

Horizontal,  vertical 

1 ATS  6 antenna  polarization 

Right-hand  circular 

Grazing  angles 

3”,  7°.  13°.  19°,  25°,  31° 

Surface  type 

Sea  water 

Surface  rms  slope  (total) 

3°,  6°, 12° 
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4 5 I \lotk-l  Dos^riplioii 
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l or  tiK'  i>l  1 -haiul  acronautK.il  saldlilo  oceanic  scalier,  Ihe  siir lace  will  aliiiosl  always 
appear  lo  he  "eery  roiieli  ' An.ilysis  oT  scallering  Irom  very  rough  surfaces  is  usually  developed 
Ihrough  the  physical  optics  tangent-plane  method  (commonly  called  Ihe  KirchholT  approximation  l. 
We  Use  the  vector  lormulalion  of  ihe  physical  optics  model  and  are  thus  able  to  properly  account  lor 
Ihe  elecirom.ignelic  pol.iri/alion  ilependencies  ol  each  particular  scattering  facet  on  the  surface.  Sur- 
face integration  lechnupies  determine  Ihe  scatter  cross  section.  Doppler  shift,  and  lime  delay  associ- 
ated with  each  area,  thus  allowing  Ihe  channel's  delay-Doppter  scatter  function,  Sit.cj).  to  he  con- 
structed. I rom  Slr.cci.  integral  and  l ouner  transform  operations  determine  the  channel's  tune-fre- 
i|uency  .lulocorrelalion  Uinction.  delay  spectrum.  Doppler  spectrum,  time  autocorrelation  function, 
trei|uency  auloci'rrelation  function,  total  energy  content,  and  spread  values  of  Ihe  unidimensional  dis- 
Irihulums.  Additional  iliscussion  and  several  relerences  arc  included  in  volume  V'. 

4.5.-  Model  I’rciliclion  of  Delay-Doppler  Scatter  I unction 


I he  delay -Doppler  scatter  function  serves  as  the  basic  system  function  from  which  other  model 
predictions  are  derived,  f.  onseituemly , this  function  has  been  generated  for  all  par.imeter  combinations 
delineated  m l.ihle  4-4.  ,i  ci'mprehensive  set  of  StT.cc)  model  results  is  given  m volume  V.  I’o  illiisir.ile 
a portion  of  the  total  ensemble,  we  present  Sir. col  distributions  corresponding  to  a hori/onlal  polari- 
zation probe  as  configured  lor  a I grazing  angle,  coupled  w ilh  1 and  tins  sea-slope  conditions, 
riiese  data,  given  for  both  in-plane  and  cross-plane  flight  directions,  are  illustrated  in  figures  4-1  ^ 
through  4-’0,  In  the  lollowmg  section,  the  integral  and  I ourier  oper.itions  on  the  model-predicted 
S(r.u;l  Uinction  ,ire  discussed.  I xamples  used  for  that  discussion  are  derived  from  Ihe  Slr.col  disln- 
biilions  of  this  section. 

■> 

Ihe  SlT.vo)  model  predictions-  agree  closely  with  expenment.il  results  and  provide  det.iiled 
insight  on  grazing  .ingle,  polariz.ilion.  flight  direction,  and  sca-siirf.ice  slope  dependencies  of  the  ocean- 
ic forward-sc.itter  I -band  phenomen.i.  One  re.idily  observes  that  the  Doppler  freiiuency  vlistnbulion 
ol  Ihe  relurned  energy  is  strongly  influenced  by  .iircrall  heading,  I he  ilissiinil.irilies  between  the  in- 
and  cross-plane  Str.cc)  lunctioiis  increase  ,is  the  nils  slope  incre.ises  and  .is  the  gr.izing  angle  decre.ises, 

1 or  the  cross-pl.ine  case,  iiulivulii.il  vielay  l.ips  possess  Doppler  spectra  th.il  are  sy  inmeincal  vv  ith 
respect  lo  the  specular-point  return  Ireiiuency  of  1)  Hz.  On  Ihe  other  haiul.  Ihe  Doppler  spectra  .isso- 
ci.iled  with  tile  iikIiv iilu,il  taps  tor  the  in-plane  geometry  case  .ire  highly  .isvninieliic.il.  with  Ihe  neg.i- 
live-lrciiuency  return  being  sigmlicanlly  more  ilispersed  ih.in  Ihe  posiiive-lrequeiKy  sc.ittei 


"It  shoiiM  be  noted  Ih.il  Sir. cel  is  Iheoretic.illy  .i  "smooth  Uinction"  ol  t .iiuI  co  I he  "clu'ppv  " .ip- 
pe. nance  ol  ceil. nil  nuulel-predicteil  .Str.cji  plots  is  c.tused  by  the  choice  ol  cell-size  cpi.iiitiz.ition 
iiscul  m the  model  computer  proei.inis 


4-.t‘; 


Plane  Geometry 


[■'or  all  elevation  angle  and  sea-slope  conditions  associated  with  the  in-plane  tlight  geometry, 
S(T.co)  is  characterized  by  two  distinct  sets  ot  spectral  “humps.  For  a given  delay  tap.  these  humps 
correspond  to  the  upper  and  lower  Doppler  spectra  limits  over  which  physically  possible  multipath 
will  he  returned;  the  negative-t'rei.)uency  portion  is  due  to  scatterers  located  on  the  subaircratt  side  ol 
the  specular  point,  whereas  the  positive-lrequency  component  arises  Irom  the  subsatellite  side  ol  the 
surlace.  I hese  observations  pertain  to  in-plane  tlight  directly  toward  the  satellite,  as  in  this  test  pro- 
gram. For  in-plane  flights  uveuv  From  the  satellite,  the  roles  ot  the  negative  and  positive  Doppler  fre- 
quency realms,  discussed  here  and  elsewhere,  would  be  reversed.  1 his  occurs  because  scatter  Irom  the 
region  on  the  subaircralt  side  of  the  specular  point  would,  in  this  case,  be  associated  with  positive 
Doppler  shifts. 

With  respect  to  the  Doppler  frequency  spectral  humps,  it  should  be  noted  that  tUcn  posilioti 
in  the  Sir. to)  realm  depends  only  on  the  system  geometry  and  transmitted  trequency  ol  the  electro- 
magnetic wave.  Ihe  sea-surface  rms  slope  controls  the  relative  amount  ol  energy  in  each  spectral  bin. 
•\n  increase  in  slope  is  accompanied  by  a How  of  energy  Irom  the  low  delay  tap  numbers  to  the  higher 
delays  and  from  the  interior  region  of  a lap's  Doppler  spectrum  to  the  e.xterior  limits  lor  the  eross- 
plane  geometry',  with  the  opposite  Doppler  redistribution  occurring  for  the  in-plane  ease. 


4.5.3  Integral  -and  Fourier  Oper-ations on  SIt.cjI 


s 


I 


4..\d.l  Delay  S/iectra  This  parameter  is  obtained  by  integrating  the  model-generated  Sir. cel  tunc- 
lion  over  its  Doppler  variable.  Referring  to  the  figures  given  in  the  previous  section  and  in  volume  V 

allows  one  to  obtain  an  estimate  of  the  spectra  dependence  upon  the  polarization,  grazing  angle.  IlighI  i 

direction,  and  sea-slope  parameters.  .\s  expected.  Ihe  delay  spectrum  does  noi  depend  on  Ihe  velocity  ; 

vector  of  the  airplane.  Sea-surface  slope  has  a much  greater  inlluence  on  Ihe  delay  spectrum  than  does 
grazing  angle;  the  higher  the  sea  slope  the  heavier  tailed  Ihe  distribution  becomes.  Apart  Irom  'he 

relative  magnitude  differences,  the  high-angle  (3D^)  vertical  and  horizontal  polarization  delay  spectra  i 

have  very  similar  distributions;  on  the  other  hand,  the  low-angle  data  I l.T’l  coupled  with  sea  slopes  ol  ' 

(A’  and  I 2^’  produce  a vertical  polarization  spectrum  that,  when  compared  with  its  horizontal  pol.in-  i 

zation  counterpart,  is  visibly  more  dense  in  the  interior  region  ol  its  distribution  ; 


4 5 I rctiiicnt  v Autocorrilation  I'liiictioii  I he  trequency  aulocorrel.ilion  lunclion  is 

derived  by  taking  the  inverse  Fourier  transform  of  the  delay  spectrum,  thus,  many  of  its  attnbutes 
may  be  deduced  from  the  preceding  iliscussion.  lo  begin,  we  note  Ih.il  KiD.SD  does  not  depend  on 
the  velocity  vector  of  the  airplane  Also,  since  Ihe  del.iy  speclriini  is  everywhere  positive,  Ihe  liequen- 
ey  .lutocorrelation  lunclion  has  maximum  .imphlude  lot  the  0 Hz  sepal. ition  v.iliie,  as  expecleil  Wiih 
respect  to  the  sea-surface-slope  eflecls.  it  is  noted  lli.it  .i  decrease  in  slope  results  m a bro.idenmgol 
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the  R(0.J2)  amplitiale  distribution,  VVe  contrast  this  to  the  grazing  angle  dependence,  which  produces 
no  appreciable  dillerence  in  the  K(0.i2)  ilistributiisns  for  the  cases  illustrated  herein.  I’olari/ation 
ellects  on  RtO.ii)  are  also  niininial. 

-4-5..K.i  IhtppU'r  Spci  irum  Compared  with  other  multipath  channel  unidimensional  measures  con- 
sidered. the  Doppler  spectrum  shows,  by  tar.  the  greatest  dependency  upon  grazing  angle  and  llight 
direction  system  parameters.  It  is  also  intluenced  signilicantly  by  the  sea-surtace  rms  slope  and  has  a 
slight  dependence  upon  the  polarization  of  the  incident  electromagnetic  wave. 

Relerring  to  the  tigures  ot  the  previous  section  and  volume  V shows  that  lor  cross-plane  tiighi 
geometries,  the  Doppler  spectr.i  have  distributions  closely  resembling  zero-mean  (iaussian.  with  vari- 
ance increasing  in  a linear  la'hion  with  an  increase  in  rms  sea  slope.  Ihese  characteristics,  especiallv 
lor  the  larger  sea  slope*.  ,ire  ilistmctly  diHerent  t'rom  those  associated  with  in-plane  tliglu  geometries. 

In  general,  the  Doppler  spectra  associated  with  the  in-plane  llight  directions  are  highly  asymmetric, 
with  the  distributions  being  heavy  tailed  in  the  negative-t'requency  realm  and  possessing  speett  il 
mavima  that  coincide  with  a Irequency  upper  limit  in  the  positive  realm,  .\bove  this  maximum,  the 
energy  density  tails  oil  m a precipitous  manner.  It  is  observed  that  these  attributes  become  more  pro- 
nounced as  the  sea  slope  increases  and  grazing  angle  decreases.  In  fact,  we  note  that  as  the  opposite 
crmditions  occur  (i.e..  low  slopes  coupled  with  high  grazing  angle I.  the  in-plane  distribution  becomes 
increasingly  similar  to  the  cross-plane  counterparts.  I'he  uependence  ol  the  m-plane  Doppler  spectra 
on  the  sea-slope  parameter  is  ol  particular  interest.  I or  an  increase  in  slope,  we  observe  that  energy 
near  the  0-llz  center  ol  the  lunction  is  ilispersed  toward  the  extremities  ol  the  distribution,  with  Ihe 
manner  m which  the  redistribution  takes  place  being  markedly  ditYerenI  for  the  negative  and  positive 
halves  ol  the  spectrum.  Ihe  positive  realm  becomes  increasingly  peaked,  with  the  peak  shiHing  low.iid 
the  high-lreiiuency  culotT  ol  the  spectrum,  whereas  the  spectral  density  in  the  ncgalive-rrei|uency 
region  becomes  more  dispersed,  with  the  lallotl'  resembling  an  exponential  decay . 

With  respect  to  the  polarization  characteristics  ol  the  Doppler  spectrum,  we  note  that  the  verti- 
cal and  horizont.il  pvdariz.ilion  data  are  m close  agreemeni  lor  high  grazing  angle  and  low  slopes  I or 
the  lovv-grazing-angle  and  high-slope  conditions,  the  vertical  polarization  spectra  havi-  a much  higliei 
percentage  ol  energy  in  the  negative  portion  ol  the  distribution  than  do  Ihe  concsponding  horizontal 
spectra. 

-Y.v..’  f I iinf  Into,  urrchiuou  t wu  I inn  1 ven  I hough  Ihe  ch.inners  tunc  .into..  <ii  icl.it  ion 

lunction  IS  rel.ileil  to  Ihe  Doppler  speclium  by  way  ol  the  I oiirier  iiansloiin.  we  observe  that  its  dis- 
tribution has  the  same  genci.il  sh.ipe  lor  both  choices  ot  aiicralt  hc.nlmg.  However,  loi  the  large  sca 
slopes,  the  m-pl.ine  RlJ.ill  luiKtion  ilecays  consulcrably  shiwer  than  Ihe  cioss-pl.uic  disinbulion  In 
general.  .1  system. ilic  incre.ise  in  Ihe  ilispcision  ol  Kl^.Oi  is  .issocialcd  with  .1  dccre.ise  in  the  sea-sui 
lace  slope  .md  .1  decrease  m the  grazing  , ingle  Mso.  .0  would  be  expected  liom  iIk  Dopi'Ici  spccli.i 
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ohscr\.itionN,  the  liori/onlal  and  vcrtii-al  polarization  Rif.O)  results  are  fairly  similar  except  for  the 
luw-anttle.  hijth-slope  condition  vUiere  the  horizontal  polarization  tiinetion  exhibits  a nuieh  slower 
decay  than  its  vertical  polarization  counterpart. 

4 ■'..'.0  R.MS  SiLiUircd  Riier^v  Model  predictions  of  the  sea-siirface's  total  scattered  energy 

as  received  over  the  satellite-to-airplane  link  are  presented  in  figure  f-2  1 . I his  data  has  been  normal- 
ized relative  to  the  energy  received  over  the  direct  Une-of-sight  path  which,  for  geostationary  satellite 

altitudes,  IS  closely  ei|uivalent  to  a normalization  with  respect  to  the  energy  incident  upon  the  surface.  ' 

One  observes  that  sea  slope  has  a very  minor  efl'ect  on  the  higher  grazing  angle  ( 2 lO*-’!  data.  I'or  the 

low-grazing-angle  results,  we  note  that  the  vertical  polarization  coefficients  tend  to  increase  wilh  an  ; 

increase  in  sea  slope,  whereas  the  opposite  dependence  holds  true  I'or  the  horizontal  polarization  results. 

Ihe  lower  the  sea  slope,  the  closer  the  scatte.  coefficient  approaches  the  classical  I'resnel  smooth  Hat-  j 

earth  rellection  coefficient  result  as  modified  by  the  spherical-earth  divergence  factor.  ] 

i 

I 

i 

4. .^.4  Spread  Value  Predictions  1 

Model-predicted  spread  values  for  the  nuillipalh  cluumers  delay  spectra,  frev^uencv  autocorre- 
lation function.  Doppler  spectra,  and  time  autocorrelation  function  are  presented  in  this  section. 

Detuiitions  pertaining  to  the  spreatl  parameter  measures  given  in  section  4.4.4  apply  simil.irly  to  the 
model  predictions. 

Results  are  presented  graphically  as  a function  of  grazing  angle  I.''’  to  3D')  foi  sea  slopes  ol  3‘’, 
td’.  and  1 2‘’.  Observations  pertaining  to  the  spread  measure  characteristics  are  summarized  below. 


4 x4.  / Pehn  Spii  jJ  Del.iy  spread  values  are  presented  in  ligures  4-33  and  4-33. 

a.  .\ircrall  heading  has  no  efiect  on  parameters  associated  with  the  delay  spectrum 

b for  both  polarizations  and  low-to-modest  se.i  slopes  lie.,  up  to  (d’t.  the  3-  and  I O-dlt 
delay  spreails  are  relatively  uninlluenced  by  the  grazing  .ingle  parameter 

c for  the  largei  slopes,  the  del.iy  spreads  tend  to  increase  with  giazmg  .mgle 

d Ihe  siii!iliinl\  between  the  vertK.il  .ind  hoiizontal  spreails  increases  with  an  incie.ise  in 

grazing  anele  oi  ,i  deirease  in  sea  slope,  lor  the  lovvei  gr.izing  .ingle  .iiid  higher  slopes,  the 
verlic.il  pol.iriz.ition  d.il.i  in  gener.il  have  huger  .!-  .ind  li)-dH  spread  v.ilues 
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Predicted  Oceanic  Scatter  Coefficients 


All  spread  measures  inerease  with  an  inerease  in  rms  surfaee  slope:  the  I'unetional  lonn 
of  the  inerease,  however,  does  not  appear  to  be  systematic. 


j 


4.5.4.^  Coherence  Hundwidth  higure  4-24  illustrates  model  results  lor  the  coherence  bandwidth. 

a.  For  the  higher  sea  slopes,  the  3-dB  coherence  bandwidth  has  a very  weak  dependence 
upon  grazing  angle  whereas  the  3*’  sea  slope  yields  a 3-dB  coherence  bandwidth  that 
increases  rather  sharply  tor  an  increase  in  grazing  angle.  I his  result  is  somewhat  m oppo- 
sition to  that  obtained  for  the  delay  spread  parameter. 

b.  In  general,  the  horizontal  and  vertical  polarization  data  are  quite  similar. 

c.  Coherence  bandwitith  decreases  with  an  increase  in  sea  slope. 

d.  For  the  I 2^  sea-slope  case,  a 3-dB  coherence  bandwidth  of  roughly  85  kllz  ai'pears  to  be 
typical  for  grazing  angles  lying  between  3^’  and  31",  the  b"  slope  data  yields  3-dB  coher- 
ence bandwidths  ranging  from  roughly  2U0  to  275  kllz,  with  the  higher  values  being  asso- 
ciated with  the  larger  grazing  angles. 


4. 5.4.4  Doppler  Spread  Doppler  spread  model  predictions  are  given  in  I'igures  4-25, 4-2b.  and  4-27 

a.  Both  the  3-  and  lO-dB  spread  measures  increase  monotonically  as  a function  of  elevation 
angle  for  all  three  sea  slopes. 

b.  The  spreads  associated  with  the  cross-plane  data  increase  with  an  increase  in  se.i  slope. 

c.  For  the  in-plane  geometry  case  we  obsei-ve  a rather  unexpected  slope  dependency.  N.ime- 
ly,  the  largest  slopes  do  not  always  correspond  to  the  largest  Doppler  spreads  I his  occurs 
lor  both  the  3-  and  lU-dB  spread  measures  and  for  both  polarization  modes. 

d.  Comparing  the  in-plane  data  with  the  cross-plane  data  reveals  ihal  dissimilarities  belvveen 
the  two  sets  decrease  tor  an  increase  in  elevation  angle  ,iiul  ,i  decre.ise  in  se.i  shipe 
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Figure  4-25.  Model  Predicted  Doppler  Spread  — Horizontal  Polarization,  In  Plane  Geometry 


Doppler  spread.  Hi 


Flevat'oi^  antjUv  peg 

Figure  4 26  Model  Predicted  Doppler  Spread  Vertical  Polarization.  In  Plane  Geometry 


Figure  4-27.  Model  Predicted  Doppler  Spread  — Cross-Plane  Geometry 


4. 5.4.4  Decorrelation  nine  Figures  4-28,  4-24.  and  4-30  present  niodel-predieted  results  for  decor- 
relation time. 

a.  Like  the  coherence  bandwidth  measures,  the  decorrelation  time  spread  values  show  syste- 
matic dependencies  upon  grazing  angle  and  rms  surface  slope,  i.e.,  the  decorrelation 
times  monotonically  decrease  for  an  increase  in  either  the  slope  or  grazing  angle. 

b.  For  most  of  the  grazing  angles,  the  decorrelation  time  decreases  in  a manner  that  is  to  a 
close  approximation  related  linearly  to  an  increase  in  sea  slope. 

c.  The  aircraft  heading  is  seen  to  mildly  innuence  decorrelation  time,  with  the  in-plane  data 
being  slightly  higher  than  the  cross-plane  results  ( particularly  for  the  large  sea-slope  con 
ditions). 

d.  In  general,  the  vertical  and  horizontal  polari/.ition  results  arc  in  close  agreement , however, 
we  note  that  for  the  o"  and  I 2"  slope  cases  the  vertical  polarization  d.it.i  tends  to  h.ivc  a 
slightly  lower  decorrelation  time  than  the  honzont.il  eiiuivalent  (with  the  exception  ot 

the  3‘’  grazing  angle  condition  coupled  w ith  the  ()"  surface  slo|x- 1 
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Elevation  angle,  cteg 

Figure  4-30.  Model  Predicted  Decorrelation  Time  — Horizontal  Polarization  Cross-Plane  Geometry 


4.0  CONUS  MUi  riPATII  Tl  ST  R1  SULTS 

.An  extensive  data  base  ol  C'ONUS  I'orward-sealter  miiltipatli  lias  been  obtained.  I bis  eolleetion 
eovers  a ranee  ot' grazing  angles  from  22^’  to  and  a variety  of  terrain  electrical  characteristics 
(lakes  to  dry  snow),  surface  roughness  (Hat  plains  to  mountains),  and  vegetation  coverage  (heavdy 
forested  to  barren ).  In  addition,  several  hours  of  data  pertaining  to  multipath  rellections  during  the 
approach,  taxi,  and  lakeolf  phases  at  large  airport  environments  was  obtained, 

rite  data  base  tor  tlie  (ONUS  multipath  channel  characterization  is  obtained  Irom  the  Septem- 
ber Id  and  October  ,s0.  l')74.  Ilights  over  the  eastern  United  States;  the  I ehruary  IS  and  I'U  |075. 
j Ilights  over  centr.il  Canada;  and  the  l ebruary  20.  1075,  tlight  over  e.istern  ( anaila  and  the  U S 

Pertinent  system  parameters  for  each  ol  the  llighi  tests  are  listed  m table  4-5. 

I he  I ebruary  Ilights  emphasized  data  aa|uisition  lor  various  snow-covered  terrains  (flat  and 
mountainous),  lakes  (frozen  and  liquid),  and  airpt'rt  environments,  whereas  the  .Sepicmbei  and  October 
senes  gathered  data  Irom  heavily  vegetation-covered  terrain  (both  flat  and  mountainous i ,md  coast.il 
harbor  large  city  environments  (e  g..  New  A ork  ) 
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TA  BL  E 4-5.  S YS  TEM  PA  RA  ME  TERS  FOR  SEL  EC  TED 
CONUS  TESTS 


Test  parameter 

Description 

Aircraft  groundspeed 

Approximately  190  m/sec 

Aircraft  barometric  altitude 

Approximately  31 ,000  ft 

Elevation  angle 

30°  to  40°:  September  19,  1974 
40°  to  48°:  October  30,  1974 
22°  to  27°:  February  18,  1975 
27°  to  39°:  February  19,  1975 
28°  to  37°:  February  20,  1975 

Probing  rate 

10  MHz  for  September  19  and  October  30,  1974, 
and  the  airport  environment  probes 

5 MHz  for  en  route  portions  February  18,  19. 
20,  1975 

4 (1.1  IVlay-Spi.vlr.1  I iiiu’  tlislorv 

I ho  oh.mnol\  Jol,i\ -spool ra  linio  history  Qtt.r)  provisos  a partial  ilhisuati.m  ot  tho  limo- 
\ariant  naliiro  I'l  tho  COM'S  multipath  prohos.  In  aoUlitioii.  Qtt.rl  may  ho  iisoj  to  obtain  an  ovor- 
viow  ol  tho  maonitiklo  and  dolay-spootra  oharaotoristios  assooiatod  with  ponorah/od  torram  oharaotor- 
istios  ovor  whioh  tho  spooular  point  travorsos.  l or  this  roason,  all  mtorvals  ol  ' ahd  data  aoipiirod  ha\o 
boon  siibjootod  to  dola\ -spootra  limo  history  anaKsis.  In  total,  this  roprosonts  appro\imatol\  1.2  hours 
ot  oxporimont  timo.  I o discuss  tho  dolay-spootra  timo  history  data,  wo  luivo  so.itropatod  tho  torram 
ivpos  into  tho  tollowinp  oatoporios;  vopotation-oovorod.  snow-oovorod  plains,  snow-oovorod  mountains, 
largo  si/o  lake's,  coastal  harbors,  largo  industrial  oitios.  .md  rosulontial  .ircas.  I ho  s.ihonl  Ott.rl  toaturos 
ol  oaoh  ol  thoso  oalo.uorios  aro  disoiissod  bolow 

I iXi'lii.’i'iii-Cnwrcil  Signal  .imphtudo  rolurn  was  very  low.  most  likoly  duo  to  loli.igo 
absorption  ol  tho  olootromagnotio  w.uo.  I ho  obsor\ablo  signal  striioturo  w.is  rolatoolv 
timo  iinariant.  osoopt  lor  intorrals  whon  Iho  spooiil.ir  point  Iravorsod  a small  .iro.i  ol  high 
ronootiMl\  (o.g..  lako.  river,  road,  rook  oiiloroppmi;).  U\  comparison,  those  mtor\als 
produced  high-onorgy  unil.ip  sign.ils  th.il  appear  as  '\pikos"  siiporimposod  upon  low  level, 
modosilv  spread  b.ickgroiind  rolurn 
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Snaw-Coyerecl  Plains:  Siiow-cuveretl  plains  produced  relatively  intense  low -spread  return, 
with  a modest  amount  of  signal  stationarity.  The  defoliated  deciduous  trees  in  the  "glis- 
tening region"  usually  effectively  attenuated  or  broadly  dispersed,  the  signal. 


Snow-Covered  Mountains:  Returns  were  fairly  strong,  with  spreads  occasionally  some- 
what equivalent  to  the  higher  grazing  angle  oceanic  data.  Possibly  due  to  the  large  scale 
size  of  the  scattering  elements,  the  delay  spectra  exhibited  a high  degree  of  granularity 
and  nonstationarity. 

I.arge  Lakes  (Liquid):  In  their  liquid  state,  large  lakes  produced  Q(t.r)  arrays  with  attri- 
butes very  similar  to  the  oceanic  test  probes.  Specifically,  the  signal  strength  was  very 
large  (roughly  equivalent  to  the  f-resnel  rellection  coefficient  magnitude)  and.  for  the 
conditions  encountered,  the  surfaces  produced  a broadly  dispersed  return.  These  charac- 
teristics were  essentially  invariant  over  the  duration  of  the  probes. 

Large  Lakes  ( Frozen):  The  snow-covered  large  lakes  possess  signatures  similar  to  those  of 
the  flat  snow-covered  terrain.  Lakes  that  were  partially  frozen  (e.g..  along  the  shoreline) 
produced  larger  spreads  than  those  totally  frozen  and  covered  by  snow. 

Coastal  Harbors  Tor  the  relatively  small  amount  of  coastal  harbor  data  gathered,  the 
Q(  t.r)  function  revealed  characteristics  similar  to  those  of  the  oceanic  and  large-lake 
probes.  This  implies  a high-energy,  broadly  dispersed  signal  that  is  fairly  stable  except 
for  the  shoreline  areas. 

Industrial  Areas:  Delay-spectra  signatures  from  industrial  and  business  areas  typically 
exhibited  very  little  spreading,  with  the  bulk  of  the  returned  energy  being  contained 
within  0. 1 or  0.2  gisec  ot  the  specular-point  return. 

Residential  Areas:  The  residential  areas  probed  during  a test  on  Tebruary  20.  I pro- 
duced multipath  signatures  distinctly  different  from  those  of  the  industrial  areas.  1 \ pi- 
cally.  the  residential  returns  did  not  have  an  overwhelming  amount  of  energy  in  the  specu- 
lar-point tap  and  gave  the  appearance  of  being  either  highly  attenuated  or  broadly  dis- 
persed. Ihese  characteristics  are  somewhat  similar  to  those  ol  the  veget.ition-covered 
terrain  probes, 

Tigure  4-.'>  1 . taken  from  the  Tebruary  20,  TtT.S,  Oight  over  New  ^ ork  State,  illustrates  the  non- 
stationary  behavior  ol  scatter  Irom  terrain  that  is  predominantly  snow  cincred  I he  lirst  2-min  see 
ment  (tig.  4-.?l.i)  provides  inlerv.ils  ol  lake  t high-amplitude.  low -spread)  and  veget.ition  (liighly  .illenu 
■ ited)  returns,  [he  second  2-min  segment  dig.  4-t|bl  illustrates  low -amplil ude.  broad  spie.ulmg  ,isso 
ciated  with  rough  snow-covered  or  p.irti.illy  vegel.ilion-covered  terr.iin. 
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4-3J.  CONUS  Delay-Spectra  Time  History  Example,  February  20,  1975 
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CONUS  Delay-Doppler  Scatter  I unctions  and  Associated  Parameters 


.As  one  would  expect,  when  a high  degree  of  nonstationarity  in  tlte  channel  delay  spectra  is 
observed,  there  exists  a corresponding  degree  of  delay-Doppler  scatter  lunction,  S(T.a)).  nonstation- 
anty. 


Typically.  Str.tot  was  derived  over  a 7-sec  time  interval.  In  many  cases  the  surface  charac- 
teristics being  probed  will  change  appreciably  over  this  time  interval.  Hence,  the  scatter  process  cannot 
be  considered  to  be  stationary  under  thc*se  conditions,  and  thus  it  should  not  be  assumed  that  S(t,co) 
represents  a complete  statistical  description  of  the  channel. 

Figure  4-32  presents  an  example  CONUS  S(t.u))  distribution,  accompanied  by  the  multipath 
delay  spectra,  frequency  autocorrelation  function.  Doppler  spectrum,  and  time  autocorrelation  func- 
tion. The  Sir. CO)  function  presc-nted  in  figure  4-32  corresponds  to  the  7-sec  segment  bracketed  on 
the  O(t.r)  function  I tig.  4-3  I b ).  I his  particular  example  illustrates  a high  degree  of  dispersion  in  both 
the  delay  and  Doppler  domains,  which  is  characteristic  of  rough  snow-covered  terrain.  The  flight  direc- 
tion was  in-plane  and  the  grazing  angle  was  roughly  36*^.  With  the  exception  of  the  perturbation  near 
the  origin  of  the  distribution,  which  prerduces  a double  peak  in  the  delay  spectra,  we  note  that  the  data 
for  this  set  is  to  a first  order  fairly  equivalent  to  a higli-angle  oceanic  scatter  function.  In  fact,  the 
Doppler  distributions  are  seen  to  be  quite  similar  in  shape. 


4.6.3  RMS  CONUS  Scatter  Coefficients 


The  multipath  signal's  rnis  scatter  coefficient.  F.  is  defined  as  the  ratio  of  total  received 
scattered  energy  to  the  energy  incident  upon  the  surface.  This  parameter  provides  us  with  a quantita- 
tive measure  of  the  total  scatter  intensity. 

Figures  4-33  and  4-34  present  the  experimentaily  derived  values  of  F for  horizontal  and  vertical 
polarization,  respectively.  Vhese  data  are  given  as  a function  of  grazing  angle  and  are  accompanied  by 
theoretical  Fresnel  smooth-earth  rejection  coefficient  curves  and  a series  of  mid-angle  results  obtained 
from  the  ATS-5  L-band  experiment  (ref  4-5).  The  ATS-5  results  have  been  included  in  this  presenta- 
tion since  they  provide  information  over  a range  ol  grazing  angles  ( 15*’  to  20*’)  for  which  CONUS  data 
were  not  acquired  with  the  ATS-6  satellite. 

It  is  well  known  that  the  water  content  of  a scatter  surface  is  perhaps  the  most  significant  single 
parameter  intluencing  the  magnitude  of  the  Fresnel  rellection  coefficient.  We  believe  that  the  CONUS 
flights  traversed  surface  areas  that  varied  markedly  in  their  water  content  I hus  the  theoretical  reflec- 
tion coefficient  relationships  have  been  plotted  lor  a variely  of  electrical  characteristics  on  each  of  the 
figures.  Numerical  subscripts  on  the  data  points  allow  the  data  to  be  cross-referenced  to  test  locations 
by  means  of  maps  showing  the  calculated  path  of  the  specular  point  during  each  tlight  test  (presented 
m vol.  V,  sec.  7). 
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In  general,  the  data  points  are  fairly  well  braeketed  by  the  1'^  and  Ty  relationships  corre- 
sponding to  the  above  parameters.  Horizontal  I'  values  as  low  as  -1 8 dB  and  as  high  as  -i-2  dB  were 
observed,  whereas  the  vertical  coefficients  ranged  from  -24  to  -3  dB.  On  a total  point  basis,  the  verti- 
cal coefficients  are  more  biased  to  the  high  side  of  the  theoretical  predictions  than  are  the  horizontal 
coefficients.  Phis  is  especially  true  in  the  vicinity  of  the  Brewster  angle  and  is  most  likely  attributed 
to  the  concept  of  "Brewster  angle  fill-in”  and  to  the  inlluence  of  depolarization,  which  is  a natural 
phenomenon  alfecting  multipat'.  components  returned  from  locations  that  are  not  on  the  great  circle 
path  joining  the  subaircraft  and  subsatellite  points. 

Only  a small  number  of  values  corresponding  to  scatter  from  regions  completely  covered  by 
vegetation  have  been  included  since  these  returns  are  attenuated  to  a low  level  that  usually  transcends 
the  precision  of  the  system  capabilities  and  are  therefore  of  lesser  interest  to  the  designers  of  an  opera- 
tional CONUS  system.  Data  points  with  subscript  numbers  2 and  I for  the  horizontal  and  vertical 
retlection  coefficient  data,  respectively,  are  two  examples  illustrating  the  inlluence  o<'  heavy  vegetation 
cover  on  the  intensity  of  the  returned  multipath  signal.  This  particular  result  was  obtained  for  the 
September  lliglu  test  probe  over  the  eastern  United  States.  The  observed  P values  are  roughly  I 2 dB 
below  the  result  one  miglit  expect  for  typical  underlying  soil  conditions  (slightly  moist  soill.  On  many 
other  occasions  for  the  fall  tlights  over  vegetation-covered  terrain,  the  delay-spectra  time  history  infor- 
mation indicates  P values  substantially  below  those  associated  with  the  above  two  examples.  In  gen- 
eral. the  scatter  coefficient  data  included  in  this  section  for  the  non-snow-covered  terrain  (fall  tlights) 
corresponds  to  selected  time  segments  during  which  the  O(t.r)  plots  indicate  the  presence  of  a signifi- 
cant amount  of  returned  energy.  Using  detailed  map  overlays,  these  data  segments  can  almost  always 
be  correlated  to  time  intervals  during  which  the  specular  point  traversed  nonforested  regions  such  as 
small  bodies  of  water,  highways,  manmade  structures,  or  rock  outcroppings. 

4.b.4  CONUS  Delay  Spread.  Frequency  Coherence  Bandwidth.  Doppler  Spread,  and  Decorrelation 

Time 

The  CONUS  3-  and  1 0-dB  delay  spread  values  were  determined  for  a variety  of  terrain  profiles 
to  provide  a measure  of  the  time  delay  dispersion  characteristics  of  the  multipath  process.  The  3-dB 
delay  spread  values  ranged  from  a low  of  approximately  0.1  /asec  to  a high  of  1.2  /asec.  whereas  the 
1 0-dB  measures  ranged  between  0. 1 and  3.0  jasec.  In  general,  all  data  sets  exhibit  very  little  dependence 
upon  grazing  angle,  a result  that  is  in  accord  with  model  predictions  for  a Oaussian  surface,  fhe  data 
ensembles  exhibit  a rather  large  variance,  most  likely  due  to  the  gross  inhomogeneities  of  the  CONUS 
surface,  which  tends  to  mask  any  small  grazing  angle  dependence  that  might  be  present. 

The  frei|uency  coherence  bandwidth  represents  the  upper  frequency  limit  to  which  two  trans- 
mitted carriers  may  be  separated  yet  still  meet  a specified  degree  of  correlation  (i.e.,  0..“')  at  the  receiver, 
bxperiinental  results  for  both  horizontal  and  vertical  polarization  were  segregated  into  fall  and  winter 
llight  tests  categories,  and  a high  degree  of  dispersion  was  observed  to  exist  in  each  data  ensemble.  This 
follows  directly  from  a similar  ilelay  spread  observation,  and  most  certainly  relates  to  the  wide  variety 
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of  terrain  characteristics  encountered  in  the  CONUS  environment.  Comparing  the  delay  spread 
results  to  the  coherence  bandwidth  measurements  provides  a general  confirmation  of  the  "inverse 
proportional  relationship  that  e.xists  between  the  two  measures.  Since  the  overland  scatter  process 
is.  on  occasion,  multimodal,  the  relationship  should  not  be  expected  to  hold  valid  for  each  and  every 
data  point  of  the  ensemble. 


Considering  all  CONUS  test  conditions,  the  range  of  coherence  bandwidth  measures  ranged 
from  a low  ol  roughly  I 50  kHz  to  a high  of  several  MH/  ( the  re-olution  capabilities  of  the  prober 
chip  width  duration  establish  an  upper  limit  to  which  coherence  bandwidth  may  be  measured).  For 
the  tall  test  series,  a median  coherence  bandwidth  measure  of  roughly  750  kHz  was  observed,  whereas 
the  winter  results  produced  a somewhat  smaller  median  value  of  approximately  600  kHz.  As  discussed 
in  volume  V.  these  findings  are  thought  to  be  indicative  of  the  terrain  regions  over  which  the  winter 
nights  were  conducted  as  well  as  the  criteria  used  to  select  time  intervals  for  the  fall  test  series  data 
analyses. 


The  two-sided  5-  and  lO-dB  CONUS  Doppler  spreads  for  vertically  and  horizontally  polarized 
multipath  probe  signals  were  determined.  The  3-dB  spreads  are  given  as  a function  of  grazing  angle  in 
figures  4-35  and  4-36.  Results  are  segregated  according  to  flight  test  series  (fall  and  winter)  and  air- 
craft velocity  direction  (in-plane  and  cross-plane). 


With  the  exception  of  data  points  50.  56.  56.  60.  and  74  (which  represent  data  collected  over 
Lake  .Michigan.  Lake  Superior,  and  the  Adieundacy  Mountains  northeast  of  Montreal,  Canada),  the 
majority  of  the  Doppler  spread  observations  appear  to  have  3-dB  spreads  that  lie  between  20  and  1 25 
Hz,  with  a typical  value  ot  approximately  60  Hz.  The  lO-dB  spread  measures  were  observed  to  vary 
over  a wide  range  of  values,  with  the  majority  of  the  points  falling  between  a low  of  40  Hz  and  a high 
ot  500  Hz.  .A  slight  tendency  tor  the  spread  values  to  increase  with  an  increase  in  grazing  angle  was 
observed.  This  relationship  is  in  accord  with  theory ; however,  it  is  believed  to  be  more  indicative  of 
the  terrain  type  differences  over  which  the  high-  and  low-angle  flights  were  conducted. 


Spreads  associated  with  CONL  S specular-point  trajectories  subtending  large  lakes  and  winter- 
mountainous  regions  correlate  well  with  the  observed  high-angle  oceanic  results.  In  particular,  the 
previously  delineated  points  corresponding  to  llights  over  Lake  Superior  (50  and  60),  Lake  Michigan 
(56  and  56).  and  the  Adieundacy  Mountains  ( 74)  provided  typical  3- and  lO-dB  spread  value  of  200 
and  450  Hz.  respectively  . These  may  be  compared  with  typical  high-angle  (31*’)  oceanic  3-  and  10-dB 
spreads  of  I 70  and  300  Hz. 


I he  CONUS  3-<IB  decorrelation  limes  were  determined  as  a function  of  grazing  angle  for  both 
the  horizontal  and  vertical  polarization  probes.  The  data  sets  were  segregatetl  according  to  test  series 
(tall  and  winter)  and  aircratt  heading  (in-planc  and  cross-plane).  The  decorrelation  time  parameter 
represents  the  upper  time  limit  separation  to  which  two  identical  frequency  L-band  carriers  may  be 
spaced,  yet  still  meet  a speeitied  degree  of  coherency  (0.5)  at  the  receiver. 
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Figure  4-35.  CONUS  Scatter  3-dB  Doppler  Spread,  Fall  Flights 
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The  measured  decorrelation  times  of  the  CONUS  multipath  signal  spanned  a wide  range  of 
values.  The  trend  of  the  data  did  not  indicate  a pronounced  grazing  angle,  polarization,  flight  direc- 
tion, or  flieht  series  dependence.  For  all  but  one  data  point,  the  decorrelation  time  measures  lie 
between  values  of  1 and  10  msec,  and  we  may  ascribe  an  average  value  of  roughly  4 msec  to  the  total 
ensemble. 


4.6.5  Airport  .Multipath  Environments 


Multipath  airport  environment  data  was  gathered  on  the  approach,  landing,  and  taxi  phases  at 
three  airports:  O’Hare  International  (Chicago),  JFK  International  (New  York),  and  NAFEC,  located 
northwest  of  .Atlantic  City.  New  jersey.  All  probes  were  conducted  with  a 10-MHz  chip  rate  and  used 
a single  low-gain  crossed-slot  antenna  located  close  to  the  top  centerline  of  the  airplane.  This  antenna 
possessed  nominal  LHC  polarization  characteristics  and  thus  provided  an  enhanced  multipath  return 
at  the  expense  of  a direct  signal  polarization  mismatch  relative  to  the  RHC  polarized  ATS-6  uplink. 
For  all  three  airports  the  elevation  angle  to  ATS-6  was  approximately  39“. 


4.6.5. 1 Rtiin\a\  Tuxi  L'omiitiuns  With  the  airplane  on  the  ground  and  conducting  typical  taxi 
maneuvers,  the  returned  signal  structure  generally  had  the  following  attributes. 

a.  Significant  amplitude  fluctuation  was  observed  on  the  received  direct  tap^  signal  for  the 
crossed-slot  operational  antenna.  This  may  be  attributed  to  a number  of  factors,  such  as 
building  shielding  of  the  direct  line-of-sight  signal,  antenna  pattern  variation  as  a func- 
tion of  aircraft  orientation,  and  interference  (both  constructive  and  destructive)  due  to 
multipath  arrivals  falling  within  the  direct  tap  bank. 

b.  Very  little  multipath  energy  was  returned  with  delays  greater  than  0.2  /isec  trom  the 
direct  signal  arrival.  The  level  of  multipath  energy  with  delays  greater  than  0.2  #jscc  was 
at  least  20  dB  below  the  direct-path  signal. 

During  the  February  Id,  |d75,  airport  test  sequence  at  O’Hare  (Chicago),  signal  amplitude  fluctu- 
ations described  in  item  a above  were  observed.  Results  also  indicated  that  the  bulk  of  the  delay 
returns  arrived  no  later  than  0.1  or  0.2  Msec  after  the  direct  signal,  further  illustrating  item  b. 


■^W'ith  the  aircraft  on  the  ground,  the  lO-MHz  chip  rate  (the  highest  available  with  the  SACP  equip- 
ment) resolution  is  insufficient  to  completely  discriminate  against  terrain  and  building  scatter  returns 
on  the  basis  of  time  separation.  Some  of  these  multipath  returns  therefore  fall  into  the  direct-path 
taps. 
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J Approach  and  Landing  Maneuvers  Due  to  fairly  rapid  airplane  altitude  and  attitude 
ehanges.  the  multipath  characteristics  in  the  landing  and  approach  phases  of  an  airport  environment 
are  somewhat  different  from  those  associated  with  en  route  CONUS  conditions.  Prior  to,  or  during, 
its  final  descent,  the  airplane  may  perform  one  or  more  rather  steep  banking  maneuvers.  Perhaps  the 
most  significant  impact  of  these  attitude  changes  relates  to  the  potentially  large  antenna  gain  that  may 
be  directed  toward  the  effective  multipath  "glistening  region”  during  banking  maneuvers.  An  example 
illustrating  such  an  occurrence  is  given  in  figure  4-37,  where  a delay-spectra  time  history  fora  2-min 
flight  segment  in  the  vicinity  of  the  N.AFEC  FAA  airport  is  illustrated.  At  1424:30  the  airplane  began 
a banking  maneuver  (toward  the  satellite)  and  we  note  a very  perceptible  increase  in  the  multipath 
return,  which  is  accompanied  by  a corresponding  decrease  in  the  direct  signal  component.  It  is  of 
interest  to  note  that  the  direct  signal  decreases  not  because  of  a decrease  in  antenna  gain  but  because 
of  an  increase  in  the  polarization  mismatch  between  the  satellite  polarization  vector  and  that  of  the 
aircraft  antenna  ( becomes  maximum  for  look  angles  directly  above  the  airplane ).  Although  the  antenna 
and  the  mode  in  which  it  was  used  for  this  probe  (with  its  circular  polarization  sense  reversed  on  the 
direct  path)  are  not  representative  of  an  operational  system  antenna,  it  does  provide  a vivid  example  of 
the  banking  effects  on  a receiving  system  signal-to-multipath-interference  (S/I)  ratio. 


4.”  MULTIPATH  TEST  CONCLUSIONS 

Eorward-scattor  L-band  multipath  data  was  acquired  for  a comprehensive  set  of  oceanic  and 
CONUS  test  conditions.  The  oceanic  flight  tests  subtended  elevation  angles  ranging  between  3“  and 
32'’:  the  CO.NUS  probes  were  conducted  between  elevation  angles  of  22'’  and  48'’.  Analysis  of  these 
data  has  concentrated  primarily  on  determining  the  channel's  delay-Doppler  scatter  function  and  its 
associated  integral  and  Fourier  parameters.  In  addition,  for  the  oceanic  multipath  channel,  a scatter 
model  was  validated,  the  spatial  filtering  effect  of  the  prober  antenna  was  isolated,  and  selected 
data  sequences  were  processed  to  determine  time-domain  statistics  and  cross-power  spectra. 

4.'^.!  Oceanic  .Multipath  Test 

.A  major  portion  of  the  oceanic  multipath  analysis  effort  was  directed  toward  verification  of 
an  appropriate  scatter  model  that  could  extend  the  experimental  results  to  the  prediction  of  perform- 
ance for  future  aeronautical  satellite  systems.  Toward  this  end.  a vector  formulation  of  the  widely 
accepted  ph.ysical  optics  very-rough-surface  scatter  model  was  used  to  correlate  theory  with  experi- 
ment, In  applying  the  model,  the  scatter  cross  section,  coupled  with  complex  polarization  transmis- 
sion coefficients,  was  numerically  integrated  over  the  total  effective  multipath  surface.  Model  pre- 
dictions were  generated  for  a variety  of  surface  mis  slope  conditions  and  were  shown  to  closely 
emulate  the  measured  multipath  channel  characteristics.  I'hese  predictions  and  the  corresponding 
comparisons  were  conducted  at  the  level  of  the  delay-Doppler  scatter  function  and  its  associated 
lower  order  integral  and  Fourier  parameters. 
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The  delay-noppler  scatter  function,  S(t.u)),  was  found  to  be  quite  dependent  on  grazing  angle, 
aircraft  heading,  and  rmssea  slope.  Sea-slope  dependencies  were  investigated  mainly  througli  use  of 
the  model  predictions.  These  predictions  were  based  on  an  i.sotropic  slope  distribution  processing  a 
Gaussian  form.  Sea-slope  distributions  used  in  model  predictions  were  verified  by  sea-state  buoy 
measurement  data. 

With  the  e.xception  of  the  absolute  level  of  its  power  spectral  density.  Str.co)  is  only  mildly 
dependent  upon  the  electromagnetic  polarization  (horizontal,  vertical,  or  circular)  of  the  incident 
probe  signal.  This  is  particularly  the  case  for  the  high-angle  data,  whereas  at  ilie  lower  grazing  angles 
the  effect  of  the  vertical  polarization  retlection  coefficient’s  spatial  variation  is  in  evidence.  The  sea- 
surface  slope  strongly  influences  the  dispersion  in  both  the  delay  and  Doppler  coordinates.  .More 
specifically,  an  increase  in  rms  shape  results  in  both  increased  delay  dispersion  and  Doppler  dispersion. 
The  distribution  of  energy  in  the  Doppler  coordinate  is  also  a strong  function  of  grazing  angle  and 
aircraft  heading.  As  the  flight  direction  departs  from  the  cross-plane  direction,  the  energy  distribution 
in  the  Doppler  realm  is  no  longer  symmetrical  with  respect  to  the  specular-point  frequency.  This 
asymmetry  increases  as  the  flight  direction  approaches  the  in-plane  condition  and  results  in  the  negative- 
frequency  realm  of  Sfr.w)  being  significantly  more  spread  than  the  positive-frequency  region.’^  Eleva- 
tion angle  effects  are  primarily  related  to  the  Doppler  frequency;  for  a decrease  in  elevation  angle, 
the  dispersion  in  the  Doppler  coordinate  also  decreases,  while  the  asymmetry  of  the  in-plane  S(t.u>) 
function  increases.  Hence,  S(t,u))  has  maximum  asymmetry  for  a combination  of  low  grazing  angle, 
high  sea  surface  slope,  and  in-plane  flight  geometry. 

When  S(r,cj)  Is  reduced  to  lower  order  parameters  via  integral  and  Fourier  transform  opera- 
tion. its  properties  are  generally  more  self-evident.  Using  these  techniques,  the  channel’s  delay  spectra, 
Doppler  spectra,  frequency  autocorrelation  function,  and  time  autocorrelation  function  have  been  de- 
rived. The  observed  delay  spectra  exhibit  the  expected  monotonic  decay  as  a function  of  tap  number, 
with  the  specular-point  tap  possessing  the  maximum  density.  The  delay-spectra  data  showed  no  signifi- 
cant dependence  upon  grazing  angle  or  flight  direction.  Model  emulations  show  that  the  dispersion  of 
the  delay  spectrum  increases  substantially  for  an  increase  in  surface  slope.  The  Doppler  spectrum 
measurements  exhibited  a Gaussian-like  distribution  associated  with  the  cros.s-plane  flight  conditions 
and  a very  asymmetrical  "ramp-like"  relationship  for  the  in-plane  direction.  For  a decrease  in  grazing 
angle,  the  variance  of  the  Gaussian  Doppler  spectrum  decreases  whereas  the  ramp  slope  of  the  in-plane 
distribution  increases,  with  the  spectrum  possessing  an  abrupt  upper  frequency  limit.  Again,  model 
emulation  shows  that  an  increase  in  sea  slope  results  in  an  increase  in  the  dispersion  of  the  Doppler 
spectrum.  The  freiiuency  autocorrelation  function  and  the  delay  spectra  are  a Fourier  transfomi  pair; 

The  frequency  realm  corresponding  to  scatter  from  the  region  on  the  "subaircraft"  side  of  the 
specular  point  will  exhibit  the  larger  spread.  For  these  tests,  the  in-plane  flights  were  toward  the 
satellite,  and  hence  the  negative-frequency  realm  shows  fhe  larger  spread.  For  in-plane  llights  away 
from  the  satellite,  the  positive-frequency  realm  would  h.ive  the  larger  spread. 
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similarly,  the  time  autoeorrelation  function  and  the  Doppler  spectra  are  another  Fourier  transform 
pair.  Thus  the  time  and  frequency  autocorrelation  function  dependencies  upon  grazing  angle,  llight 
direction,  and  sea  slope  are  extensions  from  the  above  discussion  (i.e.,  an  increase  i#  spread  of  a lunction 
results  in  a decrease  in  spread  of  its  F'ourier  transform).  These  inverse  relationships  between  the  Fourier 
transform  pair  elements  are  clearly  visible  from  the  calculated  data.  It  is  ol  interest  to  note  that,  com- 
pared with  the  Doppler  spectrum  properties,  the  shape  of  the  time  autocorrelation  function  is  not 
nearly  so  dependent  upon  aircraft  heading.  However,  it  is  apparent  that  the  in-plane  result  is  somewhat 
heavier  tailed  than  the  cross-plane  result,  as  expected. 

The  total  energy  content  of  the  scattered  signal  and  the  spread  measures  ot  the  above  spectra 
and  autocorrelation  functions  represent  the  lowest  echelon  of  channel  characterization  and  were  cal- 
culated as  a function  of  polarization  and  grazing  angle.  Horizontal  and  vertical  polarization  total 
scatter  coefficients  were  found  to  be  within  1 or  2 dB  of  results  predicted  by  the  physical  optics  vector 
scattq;  model.  The  experimental  scatter  coefficient  dependency  upon  sea  slope  was  not  determined 
explici'ly  becau.se  sea-slope  measurements  were  not  available  for  the  exact  times  and  locations  of  the 
multipath  tests.  The  model  predictions,  however,  indicated  that  tlie  scatter  coefficient  magnitudes  lor 
grazing  angles  above  10“  were  only  weakly  dependent  upon  sea-surface  slope.  With  the  exception  of 
the  low-angle  vertical  polarization  data,  the  scatter  coefficients  are  roughly  equivalent  to  the  product  of 
divergence  factor  and  1-resnel  smooth-earth  refiection  coefficient.  The  low-angle  vertical  results  are 
some  3 to  5 dC  above  this  relationship;  this  is  not  unexpected  and  may  be  explained  by  the  concept  of 
“Brewster  angle  fill-in,"  which  is  discussed  in  more  detail  in  section  5.2.(i  of  volume  V. 

Channel  spread  measures  were  presented  as  a function  of  grazing  angle.  No  appreciable  grazing 
angle  dependence  was  apparent  for  the  delay  spread  data.  .Average  delay  spreads  were  almost  constant 
(less  than  20'i  change)  for  grazing  angles  ranging  between  10“  and  30“.  The  3-dB  delay  spreads  ranged 
from  a low  of  0.25  Msec  to  a high  of  I 8 Msec  and  had  a typical  value  of  0.8  Msec;  the  10-dB  delay 
spreads  ranged  from  2.2  to  5.6  Msec'Shd  had  an  average  value  of  3^|||asec.  Similarly,  the  3-dB  coherence 
bandwidths  did  not  exhibit  a strong  grazing  angle  relationship  and  were  observed  to  vary  over  a range 
from  70  to  380  kHz.  with  the  higher  values  being  associated  (very  weakly)  with  the  higher  grazing  angles. 
Doppler  spreads  exhibited  a very  strong  dependence  upon  both  grazing  angle  and  aircraft  heading.  For 
the  in-plane  geometry  condition,  very  small  Doppler  spreads  are  associated  with  the  low  grazing  angles; 
for  example,  at  a grazing  angle  of  7“,  typical  3-  and  10-dB  spread  measures  of  5 and  44  Hz  were  measured. 
These  results  are  significantly  lower  than  those  obtained  for  the  cross-plane  llight  vector  and  are  in 
accord  with  prediction.  I'his  phenomenon  does  not  imply  a low  sea  surlace  slope;  in  fact,  as  shown  by 
the  model  predictions,  the  low-angle  in-plane  Doppler  spreads  may  actually  decrease  for  an  increase  in 
sea  slope.  At  the  high  end  of  the  grazing  angle  range  ( =«30“).  the  (light  direction  vector  has  very  little 
intluence  on  Doppler  spread,  with  both  data  sets  taking  3-  and  10-dB  values  of  140  and  350  Hz. 
respectively.  Measured  values  of  selected  oceanic  multipath  parameters  were  summarized  in  table  2-1. 


Ail  additional  dimension  of  the  interrelationship  between  the  oceanic  surface  and  the  complex 
vector  nature  of  electromagnetic  propagation  was  investigated  by  determining  the  degree  of  correla- 
tion between  the  simultaneous  vertical  and  horizontal  probes  and  by  separately  using  right-  and  left- 
hand  circular  polarization  probes.  With  the  exception  of  the  received  signal’s  absolute  amplitude,  the 
circular  polarization  data  was  shown  to  possess  attributes  similar  to  those  of  the  linear  polarization 
data.  With  respect  to  the  total  received  scattered  energy  during  tests  with  circularly  polarized  (CP) 
probes,  the  residts  illustrate  the  phenomenon  of  surface-induced  polarization  sense  reversal.  This  is 
evident  since  probes  transmitted  from  the  aircraft  with  LHC  polarization  are  received  more  favorably 
at  the  right-hand  circularly  polarized  satellite  than  probes  transmitted  with  RHC  polarization.  The 
degree  of  correlation  between  the  probe's  horizontal  and  vertical  polarizations  was  investigated  by 
determining  the  amplitude  of  the  correlation  coefficient  between  the  two  signals  and  by  examining 
the  phase  of  their  complex  cross-power  spectra.  In  both  cases,  results  are  in  accord  with  vector  scat- 
ter theory  and  indicate  that  the  orthogonal  polarization  multipath  processes  are  highly  correlated, 
with  the  Fresnel  retlection  coefficients  providing  the  appropriate  phase  relationship  between  the 
scattered  vertical  atid  horizontal  probes. 

With  respect  to  investigations  pertaining  to  the  complex  Gaussian  WSSUS  properties  of  the 
oceanic  multipath  process,  we  have,  after  rather  extensive  testing,  statistical  bases  for  support  of  both 
the  complex  Gaussian  statistics  hypothesis  and  the  assumption  that  the  scatterers  are  uncorrelated. 
Also,  the  channel's  wide-sense  stationary  characteristics,  which  were  examined  over  a relatively  short 
timespan.  appeared  to  exhibit  time-invariant  statistical  properties.  While  this  test  was  by  no  means 
comprehensive,  it  is  thought  to  be  representative  of  expectations  in  that  the  scattering  physics  are 
intluenced  primarily  by  the  surface’s  slope  probability  distribution  function  (pdf),  which  changes  in 
a manner  roughly  proportional  to  the  square  root  of  the  wind  velocity.  Thus  one  may  confidently 
represent  the  oceanic  channel  as  a complex  Gaussian  WSSUS  scatter  process.  Under  these  conditions 
the  S(r.co)  function  completely  describes  all  statistical  attributes  of  the  channel.  Since  this  function 
and  the  lower  order  measures  are  well  duplicated  by  the  physical  optics  vector  scatter  model,  the 
results  ol  this  test  may  be  easily  extended  and  applied  to  the  detailed  analyses  and  design  of  future 
oceanic  L-band  systems. 

4.7.2  CONUS  Multipath  Test 

One  of  the  most  obvious  characteristics  of  the  overland  CONUS  scatter  data  is  its  high  degree 
of  signal  structure  nonstationarity.  This  was  readily  confirmed  through  a visual  observation  of  several 
delay-spectra  time  history  segments.  Similarly,  the  signature  of  the  channel's  delay-Doppler  scatter 
function  varies  markedly  with  specular-point  location  and  was  used  to  isolate  periods  of  very  low 
spreading,  modest  spreading,  biased  positional  scatter,  large  irregular  Doppler  spectra  return,  and 
mixed  scatter  process  return.  These  data  were  used  to  delineate  the  salient  features  as.sociated  with 
terrain  types  tailing  under  the  categories  of  heavy  vegetation  cover,  coastal  harbors,  large  cities,  large 
lakes,  and  snow-covered  plains  and  mountains. 
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The  above  properties  of  nonstationarity  appear  to  mask  out  any  systematic  grazing  angle, 
flight  direction,  or  polarization  dependencies  that  might  exist  for  the  channel’s  rms  scatter  coefti- 
cients  and  spread  parameter  measures.  A summary  of  the  observed  range  and  typical  values  associated 
with  the  unidimensional  channel  parameters  was  presented  in  table  2-2. 

Data  gathered  during  the  airport  environment  multipath  probe  were  analyzed  for  test 
sequences  entailing  runway  taxi,  landing,  and  low-altitude-approach  airplane  maneuvers.  These 
probes  were  carried  out  via  a single  crossed-slot  low-gain  antenna  whose  polarization  was  left 
circular,  thus  providing  enhancement  of  the  multipath  signal  at  the  expense  of  the  direct  signal. 

With  the  airplane  moving  on  the  ground,  the  received  signal  structure  possessed  two  rather  distinct 
attributes:  ( 1 ) fairly  large-amplitude  fluctuations  of  the  energy  received  in  the  direct  line-of-sight 
signal  taps  were  observed  (possibly  caused  by  small  delay  multipath  components)  and  (2)  only  very 
low  levels  (at  least  20  dB  below  the  direct-path  signal)  of  multipath  power  were  observed  for  delays 
greater  than  0.2  psec  relative  to  the  direct  signal  arrival. 

For  the  approach  and  landing  phases  of  the  airport  environment  test,  the  data  has  been  used  to 
identify  several  fundamental  characteristics  of  the  direct  and  multipath  signal  components.  As 
expected,  airplane  banking  maneuvers  produce  substantial  changes  in  the  relative  direct  and  multi- 
path  signal  levels.  This  was  illustrated  by  an  example  that  showed  the  antenna’s  S/1  parameter  under- 
going a change  in  excess  of  20  dB  over  a timespan  of  approximately  1 5 sec.  With  respect  to  the 
influence  of  the  aircraft’s  altitude  decrease  during  the  descent  and  landing  planes,  a corresponding 
decrease  in  the  differential  time  delay  and  a relatively  large  positive  differential  Doppler  frequency 
shift  between  the  direct  and  multipath  signals  were  observed.  The  differential  delay  is  proportional 
to  altitude  only,  whereas  the  differential  Doppler  depends  on  angle  of  approach  and  aircraft  velocity. 
For  the  JFK  approach  at  an  altitude  of  approximately  0.7  km,  a 34-Hz  differential  Doppler  was 
measured.  One  further  observation  relates  to  the  noted  tendency  for  the  multipath  signal's  delay 
spread  to  decrease  with  a decrease  in  altitude.  This  is  in  accord  with  theory,  which  predicts  a delay 
spectrum  dispersion  proportional  to  the  altitude  of  the  airplane. 
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5.  MODEM  EVALUATION  TEST 


A description  of  the  modem  evaluation  tests  and  summary  results  of  the  voice,  digital  data, 
and  ranging  experiments  are  provided  in  this  section.  More  detailed  information  may  be  found  in 
volume  VI  of  this  report. 


5.1  MODEM  EVALUATION  TEST  OBJECTIVES 

Various  techniques  are  being  considered  for  the  transmission  of  voice,  digital  data,  and  ranging/ 
surveillance  signals  to  and  from  aircraft  via  satellites.  The  general  objective  of  the  tests  here  sum- 
marized was  to  evaluate  the  performance  of  several  voice,  digital  data,  and  ranging  modems  repre- 
senting candidate  approaches  for  this  application.  Specific  objectives  were: 

a.  To  evaluate  modem  performance  over  a range  of  flight  geometries  and  C/Nq,  using  the 

candidate  operational  left  wing-root/right  wing-root/top  (LWSD/RWSD/TOP)  switchable 
slot-dipole  antenna  system.  Experimental  performance  data  were  compared  with  theoreti- 
cal and  laboratory  baseline  data  to  assess  the  effects  of  the  overocean  flight  environment 
on  modem  performance  for  a representative  set  of  conditions.  v 

b.  To  evaluate  modem  performance  parametrically  in  tenns  of  a wide  range  of  C/N^  and  S/I 
values  for  the  overocean  flight  environment.  These  experimental  data  provide  quantita- 
tive measurement  of  modem  performance  degradation  for  various  degrees  of  oceanic 
multipath  interference.  Experimental  data  were  compared  with  theoretical  prediction  and 
with  performance  measurements  made  using  a laboratory  multipath  simulator. 


5.2  MODEM  EVALUATION  TEST  DESCRIPTION 


5.2.1  Type  I and  Type  II  Test  Categories 

The  modem  evaluation  tests  were  divided  into  two  general  types. 

Type  I Performance  With  Aircraft  Operational  Antennas:  These  tests  acquired  modem 
pertormance  with  operational  antennas  at  satellite  elevation  angles  ranging  from  10*’  to 
30*’.  Bearing  angles  relative  to  ATS-b  were  approximately  45*’.  1 35*’.  225*’.  and  3 1 5*’. 


.5-1 


The  inlierent  signal-to-multipath-interference  ratio  (S/'l)  for  these  tests  is  dependent 
upon  tile  polarization  and  eain  characteristics  of  the  airborne  operational  antenna  and  the 
maenilude  and  polarization  characteristics  of  the  sea-rellected  signals.  Type  1 tests  evalu- 
ated modem  performance  over  a range  of  C'Ny  values  combined  with  the  S/I  values 
inherent  to  the  antenna  system  for  the  geometries  tested. 

Type  II  Performance  With  Turiutis  Levels  of  Oceanic  Multipath  Interference.  Type  II  tests 
used  the  (.[uad-helix  antenna  for  reception  of  the  direct-path  .signal  and  the  side  multipath 
antenna  for  reception  of  the  sea-retlected  multipath  signals.  After  preamplification, 
these  signals  were  combined  at  RF  in  the  desired  power  ratio  to  simulate  an  antenna  with 
a specified  S/I  ratio.  All  Oights  were  approximately  broadside  to  the  satellite  at  an  eleva- 
tion angle  of  1 5‘’.  This  constant  orientation  was  used  because  the  SMP  antenna  pointing 
was  fixed.  The  test  parameters  varied  were  the  direct-path  C/N^  and  the  combining  ratio 
that  determines  S/I.  Tests  spanned  C/N^  values  between  38  and  52  dB-Hz  in  combina- 
tion with  S/I  values  ranging  from  heavy  multipath  fading  (S/1  = 3 dB)  to  essentially  non- 
fading conditions  (S/I  > 20  dB). 

5.2.2  Airborne  Terminal  Functional  Description 

.A  simplified  block  diagram  of  the  aircraft  terminal  is  shown  in  figure  5-1 . 


■>  2.2  I Rh  Signal  Routing  The  RF  signal  routing  normally  used  for  Type  I data  acquisition  is 
shown  in  Figure  5-1  The  RF  switches  selected  the  desired  operational  antenna  ( LWSD  or  RWSD), 
and  the  variable  attenuator  preceding  the  preamplifier  allowed  the  C/N„  to  be  set  at  the  desired  value. 
The  PLACt  diplexer  was  normally  bypassed  as  shown. 

For  Type  II  tests,  the  quad-helix  antenna  received  the  direet-path  signal  while  the  side-mounted 
multipath  antenna,  in  its  horizontal  polarization  mode,  received  the  sea-rellected  signal.  The  direct- 
path  C Ny  was  again  set  by  the  variable  attenuator  preceding  the  preamplifier.  The  outputs  of  the  pre- 
ampliliers  were  routed  through  two  variable  attenuators  preceding  the  RF  combiner,  which  allowed  the 
S I ratio  to  be  adjusted  to  the  desired  value. 

It  needed,  a voice  link  for  test  coordination  could  be  transmitted  using  the  PLACK  transmitter 
connected  to  either  ol  the  backup  slot  dipoles  ( LSI)  or  RSD).  The  use  of  separate  antennas  for  trans- 
mission and  reception  (unctions  not  only  allowed  receive  channel  losses  to  be  minimized  but  also 
guarded  against  the  possibility  ot  interference  in  the  receive  channel  due  to  diplexer  leakage  during 
transmitter  operation. 


I 
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5. 2. 2. 2 Aircraft  C/Sq  Measurement  — For  all  modem  evaluation  tests,  the  transmission  tormat 
included  a cw  carrier  at  a power  level  equal  to  that  of  other  test  channels.  C/N^  measurements  were 
therefore  made  on  this  channel  to  infer  the  C/N^  on  other  channels.  Frequent  independent  measure- 
ments were  made  by  separate  operators  at  70-  and  1 0-MHz  IF  points  using  an  HP  1 41 T spectrum 
analyzer  and  HP  3 1 2A  wave  analyzer.  These  measurements  were  used  to  establish  and  monitor  the 
desired  value  of  the  C/N^  test  parameter  during  flight  te'st  conduct. 

The  cw  channel  was  also  processed  by  an  envelope  detector  in  the  carrier  detector  unit.  This 
output  was  FM  recorded  for  off-line  computer  analysis  to  detennine  C/N^  and  S/I  on  a more  con- 
tinuous basis  in  support  of  the  detailed  data  analysis. 


5.2.3  Modem  Evaluation  Transmission  Formats 


The  principal  forward-link  transmission  formats  are  given  in  table  5-1 . Uplink  signals  were 
transmitted  from  Rosman  at  relative  power  levels  such  that  the  L-band  downlink  channel  powers  re- 
ceived at  the  airplane  (with  modulations  applied)  would  be  equal.  Special  precautions  and  monitor- 
ing techniques  ensured  this  equalization. 

Four  different  voice  modems  were  tested.  The  test  configuration  and  transmission  channel 
capacity  allowed  for  the  simultaneous  testing  of  three  voice  modems.  During  the  last  2 months  of  the 
test  program,  all  four  modems  were  available.  Several  transmission  format  options,  as  indicated  in 
table  5-1 , were  therefore  used  for  testing  the  four  available  modems. 

Five  digital  data  demodulators,  all  utilizing  derivatives  of  phase-shift-keyed  signaling,  were 
tested.  All  digital  data  demodulators  operated  on  the  same  PSK  downlink  test  signal,  eliminating  any 
uncertainty  regarding  unequal  modulation  quality  or  unequal  channel  downlink  powers.  The  cw 
carrier  at  1 550.6875  MHz  was  normally  the  signal  used  for  aircraft  operator  and  carrier  detector  unit 
C/Nq  measurements. 

The  voice/data  test  mode  evaluated  performance  of  the  two  hybrid  modems  in  their  hybrid 
voice  and  data  (simultaneous)  modes.  A separate  PSK  data  channel  was  transmitted  for  use  by  the 
NASA  DECPSK  demodulator. 

During  ranging  tests,  two  different  ranging  modems  were  evaluated;  DOT/TSC  digital  ranging 
(in-house  DOT/TSC  development)  and  NASA  PLACE  surveillance  and  ranging  (S&R).  I'he  N.-\S.A 
S&R  technique  was  tested  on  a single-link  round-trip  basis  via  the  ATS-<i  satellite.  I'he  DOT  I'SC 
digital  ranging  modem  was  tested  on  a one-way  single-link  basis,  with  all  measurements  made  onboard 
the  aircraft  and  recorded  for  off-line  analysis. 


I' 
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TABLE  5- 1.  MODEM  EVALUA TION  TRANSMISSION  FORMA TS 


Channel  frequency,  MHz 

Test  mode 

1550  000 

1550.075 

1550.250 

1550.600 

1550.675 

1550.6875 

Voiced) 

— 

CW 

ANBFM 

Hyb  1 

Voice  (2) 

- 

CW 

ADVM 

ANBFM 

- 

Voice  (3) 

- 

CW 

ANBFM 

ADVM 

Hyb  1 

- 

Voice  (4) 

- 

CW 

Hyb  2 

ADVM 

Hyb  1 

- 

Digital  data 

- 

CW 

NBFM 

- 

PSK 

CW 

Voice/data 

— 

CW 

Hybl 

V/D 

Hyb  2 
V/D 

PSK 

- 

Ranging,  NB  (1) 

cw 

S&R 

ANBFM 

"n 

- 

- 

Ranging,  NB  (2) 

- 

S&R 

CW 

«N 

PSK 

- 

Ranging,  WB 

cw 

1 

S&R 

ANBFM 

Rw 

- 

- 

Adaptive  narrowband  frequency  moduletion 
Adaptive  delta  voice  modulation 
Hybrid  No.  1,  voice-only  mode 
Hybrid  No.  2,  voice-only  mode 

Hybrid  No.  1 modem,  simultaneous  voice  and  data  mode 
Digital  data  1200-bps  phasa-shift-keyed  test  signal 
Narrowband,  wideband 
TSC  digital  ranging:  narrowband,  wideband 
Surveillance  and  ranging  (NASA  PLACE) . 


Legend: 

ANBFM: 

ADVWi: 

Hybl: 

Hyb2: 

Hyb  1 (V/D): 
PSK: 

NB,  WB: 

Rn-  Ryy: 
S&R: 


5.2.4  Modem  Evaluation  Data  Acquisition  Summary 

Approximately  85  hours  of  modem  evaluation  test  data  (65/f  Type  I.  35%  Type  II)  was 
acquired  over  the  7-month  period  between  September  1^74  and  April  1*175. 

Modem  evaluation  test  legs  were  straight-line  segments  of  23-min  duration.  The  first  3 min 
of  a leg  allowed  for  aircraft  turns,  antenna  selection,  and  C/Nj,  (and  S I.  when  applicable)  setup. 
Data  were  acquired  during  the  last  20  min  of  each  leg.  I'ype  II  tests  required  an  aircraft  heading  of 
I 10*’  relative  to  the  ATS-b  direction  at  an  elevation  angle  of  1 5*’.  Type  1 test  legs  spanned  a range 
of  satellite  elevation  angles  between  10*’  and  30*’  at  aircraft  headings  of  45*’.  135*’.  225*’.  and  315*’ 
relative  to  the  satellite  direction.  Tables  5-2  and  5-3  summarize  the  Type  I and  II  modem  evaluation 
tests  conducted.  The  tables  identify  the  number  of  23-min  test  legs  tlown  for  each  type  of  test 

! 
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TABLE  5 2 MODEM  EVALUA  TION  DA  TA  ACQUISITION,  TYPE  / 


Data, 

mo-day-yr 

Elavation 

angla, 

dag 

Numbar  of  20-min  runs 

Voioa 

(no  AOVM) 

Voice 

(with  ADVM) 

Hybrid 

V/D 

Digital 

data 

Ranging® 

S-24-74 

30 

1 

_ 

1 

1 

2 

9-28-74 

30 

5 

- 

- 

5 

- 

9-30-74 

30 

4 

- 

2 

2 

2 

10-24-74 

15-22 

2 

. 

1 

1 

. 

10-25-74 

15 

- 

- 

- 

5 

1 

10-28-74 

15-  17 

2 

- 

- 

2 

1 

11-13-74 

12-15 

_ 

3 

1 

2 

11-14-74 

9-  16 

4 

- 

- 

3 

- 

11-16-74 

16-  17 

2 

- 

- 

2 

1 

11-18-74 

9-15 

4 

- 

- 

1 

2 

11-19-74 

16-17 

- 

- 

- 

4 

- 

11-20-74 

9 

5*' 

- 

- 

4» 

2” 

11-21-74 

15-17 

3 

• 

1 

1 

- 

1-23-75 

8-15 

- 

. 

1 

2 

1 24-75 

15-18 

- 

- 

4 

- 

1-27-75 

15 

- 

- 

- 

- 

1 

1-28-75 

15-22 

2 

- 

1 

1 

- 

1-30-76 

8-15 

4 

- 

- 

1 

2 

2-24-75 

30 

. 

7 

. 

3 

- 

2-28-75 

30 

- 

7 

- 

1 

2 

2-27-75 

30 

- 

- 

3 

- 

2 

3-25-75 

15 

. 

1 

2 

3-27-75 

15 

- 

3' 

- 

- 

3-28-75 

10-15 

3 

- 

2 

- 

3-31-75 

15 

3 

- 

- 

- 

4-1-75 

10  17 

- 

3 

- 

4-2-75 

10 

- 

- 

- 

2 

^Low  percentage  of  success  due  to  erratic  modem  performance. 
^Ground  test  parked  at  Azores. 

“■No  ADVM  data. 


5-6 


TABLE  5-3.  MODEM  EVALUA  TION  DA  TA  4 CQUISI TION,  TYPE  II 


Dim. 

mo-d«vvr 

Elevition 

•ngit, 

deg 

Number  of  20-min  rum 

Voice 

(no  AOVM) 

Voice 

(with  AOVM) 

Hybrid 

V/0 

Digital 

data 

Ranging® 

10-24-74 

15 

3*’ 

_ 

10-25  74 

15 

- 

- 

- 

3*’ 

I** 

10-28  74 

15 

3 

- 

- 

- 

- 

11-13-74 

15 

_ 

. 

. 

4 

. 

11  14-74 

15 

- 

- 

- 

3 

- 

11-15  74 

15 

3 

- 

- 

- 

- 

11-16-74 

15 

- 

- 

- 

3 

- 

11-19  74 

15 

- 

- 

- 

4 

2 

11-21  74 

15 

2 

- 

- 

- 

- 

1 23-75 

15 

. 

. 

2 

_ 

1 24  75 

15 

- 

- 

. 

4 

2 

1-27-75 

15 

3 

- 

1-28-75 

15 

3 

- 

- 

- 

1-30-75 

15 

- 

- 

3 

- 

3-25-75 

15 

- 

- 

3 

3 

- 

3-27-75 

15 

2' 

- 

1 

1 

3-28  75 

15 

1 

- 

2 

1 

3-31-75 

15 

2 

- 

2 

1 

4 1-75 

15 

- 

3 

- 

- 

4-2-75 

J 

15 

1 

1 

1 

- 

^Erratic  performatice  of  modem. 

^’Questionable  data  due  to  RF  power  combiner  fault. 
'’No  ADVM  data. 
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Fistlirc  .■'-2  ili.idr.iiii>  Itio  How  of  lost  d;it;i  tor  Ilip  morlciii  ov;ilii;ilioil  i-.\pi'nil)L'nls  t'rttm  the  col- 
k'dtioii  ptiasc  on  tin.'  k( -l.)5  tlirotijtli  compiiljlioii.  For  c;k.Ii  oI  tin-  voice.  diitiUil  data,  and  ranpini: 
tests,  analoj;  iiistruiiieiilalioii  tapes  were  returned  to  Seattle,  rliijiti/ed.  and  lormatted  onto  seven- 
track  diftital  tape  ami  processed  In  a eeneral-purpose  couiputer.  .Also,  strip  charts  attd  loys  construc- 
ted on  the  airplane  were  collateil  to  aiil  in  interprelinn  the  processed  results. 
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5.3.1  Determination  ot'C/Ny  and  S/I 

The  carrier-to-noise  density  ratio,  t N^,.  and  direet-to-indirect  sienal  ratio.  S 1.  are  the  two 
pnmary  variables  in  the  modem  e.xperiments.  An  automated  procedure  to  detennine  these  channel 
parameters  was  devised  that  was  common  to  the  three  modem  evaluation  tests.  On  the  KC-135. 
linear  envelope  detection  of  an  unmodulated  L-band  earner  was  performed  continually  and  the 
detector  output  was  recorded  on  instnimentation  tape.  Careful  channel  setup  ensured  that  the  power 
contained  in  this  probe  signal  was  equal  to  that  of  the  modulated  carriers  under  test : thus  measure- 
ments on  the  probe  signal  yielded  reliable  estimates  of  the  channel  conditions  for  nearby  channels. 

It  can  be  shown  (sec.  7..  vol.  IV)  that  the  low-pass  spectrum  of  the  envelope  detector  output 
can  be  expanded  in  terms  of  the  input  KF  spectrum,  which  in  turn  provides  the  relative  signal,  multi- 
path,  and  noise  levels.  The  contributions  of  each  are  thus  revealed  in  the  trequency  domain,  whereas 
time-domain  analysis  does  not  uniquely  yield  f and  S 1. 

To  perforin  the  spectra  analysis,  the  detector  output  was  sampled  IU34  times  at  a 3-kll/  rate 
every  15  sec  throughout  the  test.  These  samples  were  then  input  to  a discrete  Fourier  transfonn  rou- 
tine. which  supplied  smoothed  spectral  estimates  every  15  sec  Relating  these  spectral  estimates  back 
to  theoretical  dependence  on  C/Nj,  and  S I then  allowed  these  parameters  to  be  determined  at  regular 
intervals.  The  accuracy  ascribed  to  these  parameter  values  is  -rO.5  dli  for  C and  + I dH  for  S I. 

In  addition,  supplemental  C/Nj,  measurements  were  performed  onboard  the  kC  -135  during  the 
test  using  a spectrum  analyser. 


5.3.2  Voice  Data  Reduction  Procedures 

Analog  voice  tapes  were  transcribed  onto  1,4-in.  audio  tape  with  annotative  material  for  use 
by  CBS  Laboratories  in  scoring  word  intelligibility.  Session  reports  were  returned  to  Boeing  for  com- 
pilation with  other  test  data  and  documentation.  Also,  a small  number  of  SCIM  signal  transmissions 
were  transcribed  for  computer  processing  by  NAS.A. 


5.3.3  Digital  Data  Reduction  Procedures 


For  each  of  five  modems,  the  output  bit  stream  was  packed  on  digital  tape  and  analy/ed  in  the 
CDC  ()b00.  trror  analysis  of  each  track  was  performed  by  synchroni/ing  a replica  PN  sequence  to  the 
received  sequence.  I'his  done,  tabulation  of  the  error  statistics  was  performed  lor  each  channel.  Pri- 
mary statistics  were  number  of  bits  processed,  number  of  errors,  histograms  of  the  spacing  between 
errors,  and  histograms  of  the  number  of  errors  per  contiguous  24-bit  block,  .\verage  error  probabililv 


was  provided  by  the  loniier  two  quantities,  wliile  inlortnation  on  the  channel's  memory  structure  was 
provided  by  the  two  histo;arams.  Channel  signal-to-noise  density  ratio  and  direct-to-indirect  signal 
ratio  were  obtained  within  the  same  computing  run,  and  the  date  was  compiled  manually. 


5..C4  Ranging  Data  Reduction  Procedures 


For  both  rSC  ranging  and  NASA  ranging  tests,  the  rel'ormatted  tapes  were  read  to  construct 
a range  versus  time  array.  An  initial  fit  to  the  data  was  performed  and  obvious  "blunder"  errors  were 
censored  (those  having  greater  than  10-km  errorl.  .A  second  least-squares-curve  fit  with  a second- 
order  polynomial  was  then  performed,  and  the  deviations  from  this  reconstructed  trajectory  were 
taken  as  the  measurement  error.  File  array  of  errors  was  then  processed  to  yield  the  rms  measurement 
error,  and  chi-squared  goodness-of-fit  tests  for  a normal  error  distribution  were  performed. 

It  is  noted  that  this  process  detennines  error  statistics  relative  to  a nominal  trajectory  fit  to 
the  data  and  not  relative  to  any  absolute  range  measurement.  No  adequate  means  of  providing  the 
range  calibrations  and  signal  synchronization  necessary  for  absolute  ranging  was  available. 


5.4  VOICE  MODEM  EVALUATION  TEST  RESULTS 

Four  distinct  voice  modulation  techniques  were  evaluated  for  a variety  of  aeronautical  channel 
conditions.  Performance  was  measured  primarily  by  word  intelligibility  scores  achieved  using  lists  of 
phonetically  balanced  words.  Variables  in  the  tests  included  C/N^j.  the  ratio  of  unmodulated  carrier 
power  to  noise  power  density  ( in  dB-Hz).  and  S,  I,  the  ratio  of  direct  signal  power  to  total  scattered 
multipath  power  (in  dB). 

5.4.1  Voice  Modems  Tested 

The  four  voice  modems  tested  are  referred  to  as  adaptive  narrowband  frequency  modulation 
(.A.NBFM).  Hybrid  No.  1 (Q-.\LPSK).  Hybrid  No.  2 (PDM  PSK),  and  adaptive  delta  voice  modulation 
(ADVM).  The  two  hybrid  modems  may  operatein  either  voice-only,  data-only.  orsimultaneous  voice/ 
data  modes.  Characteristics  of  each  are  provided  in  volume  VI. 

5.4.2  Performance  Evaluation  Method 

The  most  useful  measure  of  performance  for  speech  transmissions  in  the  ATC  environment 
IS  the  achieved  intelligibility  Thus,  the  voice  e.xperiments  measured  the  percent  intelligibility  associ- 
ated with  unrelated  words  for  different  test  conditions. 


I 
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To  port'orm  these  tests.  phoiietie;ill>  Ixilaneed  word  lists  were  recorded  on  1 4 in.  tape  by  CBS 
Laboratories  iisinu  alternate  male  and  lemale  speakers.  .\  single  intelliyibility  test  involved  lour  sepa- 
rate speakers,  each  readine  two  50-word  lists,  makine  a 400-word  test.  List  scramblin;:  was  used  to 
minimi/e  learnme  b>  the  listener  panel  Lite  words  were  spoken  at  approximately  2.5-sec  intervals, 
and  the  total  test  duration,  over  which  conditions  were  maintained  constant,  was  roughly  22  min. 
Fi.mire  5-5  illustrates  the  tape  format  for  all  sessions. 

[ he  various  demodulator  outputs  were  recorded  on  instrumentation  tape  on  the  KC-135. 
These  tapes  were  returned  to  Seattle,  and  the  three  separate  voice  tracks  were  transcribed,  along 
wall  identification,  onto  I 4-m.  audio  tape  that  was  forwarded  to  CBS  Laboratories  for  evaluation, 
rite  carrier  detector  signal  was  digitized  for  analysis  of  C and  S 1 channel  conditions.  This  pro- 
cedure. common  to  all  experiments,  is  described  in  section  5.5.  For  each  test  condition  and  each 
modem  under  evaluation.  CBS  provided  mean  intelligibility  and  various  other  statistics.  A trained 
listener  panel  of  10  persons  was  employed  in  tlie  evaluations. 


5.4.5  Lype  I Test  Results.  Voice-Only  .Mode 


Test  results  for  Type  1 voice-only  modes  are  summarized  for  each  modem  in  figure  5-4.  The 
curves  shown  arc  actually  "best  fits  " to  experimental  data  obtamed  over  the  several  months  of  testing. 
It  is  observed  that  at  low  C values;  e.g..  40  to  45  dB-Hz.  the  Hybrid  No.  I modem  performs  con- 
sistently best,  followed  by  .ADV.M  (analog),  the  Hybrid  No.  2 modem,  and  AN'BFM.  The  latter  three 
exhibit  a rather  dramatic  decrease  in  intelligibility  with  decreasing  C N^^.  while  the  Hybrid  No.  1 
modem  degradation  is  "softer."  This  relative  ranking  is  preserved  at  higher  signal-to-noise  ratios  (up 
to  49  dB-Hz  I except  that  .AD\  .\I  seems  to  out  perform  Hybrid  .No.  I slightly  at  these  higher  C 
values.  This  might  be  expected,  since  at  high  C N^.  where  the  channel  bit-error  rate  is  small,  the  delta 
modulation  performance  is  limited  primarily  by  the  quantization  distortion.  In  any  ca.se.  the  relative 
difference,  if  any.  between  the  two  methods  at  high  C is  small  compared  with  the  sampling  uncer- 
tainty. and  both  methods  provide  high-quality  speech  performance  in  this  range. 

.An  observation  not  apparent  in  the  plots  of  PB  word  score  is  the  relative  intelligibility  of  male 
and  female  speakers.  C BS  results  are  segregated  to  show  scores  for  both  sexes,  and  it  is  readily  ap- 
parent that  male  speakers  were  tnorc  easily  understood.  Relative  scores  were  a few  percent  better  on 
the  average  at  high  C N^^  values  and  typically  6'T  to  ICT  better  for  poorer  signal-to-noise  ratios.  It  is 
shown  in  volume  VT  that  these  differences  are  stattsdcally  significant  in  relation  to  the  experimental 
errors  and  were  applicable  to  all  modems  tested. 

It  is  suggested  that  the  greater  intelligibility  for  male  speakers  is  due  to  the  audio  band-limiting 
involved  in  each  modem  Since  female  speech  spectra  have  greater  high-frequency  energy . band- 
limiting  could  be  expected  to  induce  a greater  loss  in  speech  intelligibility  for  females  than  for  males 
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Figure  5-3.  DOT/TSC  A TS-6  Voice  Tape  Composition 


5.4,4  Type  II  Test  Results.  Voice-Only  .Mode 


Test  setup,  conduct,  and  data  reduction  procedures  were  e.xactly  as  for  Type  I tests,  except 
that  a higher  level  of  scattered  signal  was  injected  into  the  receiver.  The  measured  .S/1  (direct-to- 
indirect  power  ratio)  ranged  from  3 dB  to  about  1 5 dB,  while  C'/N^  was  varied  over  the  40  to  50  dB- 
H/  range. 

Figure  5-5  compiles  the  mean  PB  word  scores  achieved  by  the  Hybrid  No.  I modem  versus 
C/Ny.  with  the  number  associated  with  each  point  denoting  the  measured  S.T  to  the  nearest  decibel. 
Type  Type  II  scores  agree  well,  both  in  absolute  and  relative  performance,  with  the  Type  1 scores  for 
all  values  of  S I.  To  emphasise  the  relatively  large  insensitivity  to  multipath  level,  the  best-fit  Type  I 
performance  curve  has  been  overlaid  on  figure  5-5.  This  same  finding  has  held  for  the  Hybrid  No.  2. 
the  ANBFM.  and  the  .ADV.M  modems,  although  the  amount  of  testing  with  the  latter  was  less. 

Thus,  whereas  the  performance  of  digital  data  and  ranging  systems  can  be  dramatically  reduced 
by  relative  multipath  levels  of  say  -6  dB,  the  intelligibility  of  analog  voice  techniques  is  not  visibly 
degraded  for  S I as  low  as  3 dB.  Intuitive  arguments  are  offered  in  volume  VI  for  this  phenomenon. 
Basically,  we  believe  the  immunity  of  intelligibility  to  multipath  is  due  to  the  demodulated  multipath 
noise  being  in  the  subaudio  frequency  range,  as  well  as  to  the  known  fact  that  fading  which  is  short 
term  relative  to  phoneme  time  durations  does  not  inhibit  perception  radically. 


5.4,5  Hybrid  Modem  Performance  in  Combined  Voice  and  Data  Mode 


Figures  5-6  and  5-7  show  performance  measured  for  the  Hybrid  No.  1 and  2 modems  when 
operated  in  the  hybrid  mode.  i.e..  speech  simultaneous  with  I 200-bps  data.  By  comparing  perform- 
ance with  figure  5-4.  it  is  observed  the  presence  of  data  modulation  degrades  performance  at  least  3 
dB.  Since  the  data  and  speech  carriers  are  in  phase  quadrature  for  each  modem,  the  potential  for 
cochannel  crosstalk  exists  if  carrier  phase  tracking  is  imperfect.  If  this  factor  is  ignored,  howiever.  a 
3-dB  degradation  can  be  predicted  for  Hybrid  So.  2 since  50-50  voice/data  power  sharing  is  in  effect 
in  the  hybrid  mode. 

For  Hybrid  No.  I , the  relative  difference  to  be  expected  is  less  clear.  An  approximation  may 
he  gained  by  noting  the  rms  phase  modulation  in  voice-only  cases  is  58*’,  whereas  it  is  set  at  about  40*^ 
for  the  voice  data  mode.  In  terms  of  demodulated  speech  power,  the  relative  difference  is  then  about 
2,4  dB.  Since  both  modems  have  additional  degradation  due  to  crosstalk,  it  is  not  surprising  to  find 
the  hybrid  mode  requiring  at  least  3 dB  greater  tom/ C N^j  for  equal  speech  intelligibility. 
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Percent  PB  word  intelligibility 


Figure  5-7.  H2  Modem  Voice  Intelligibility,  Hybrid  Mode,  AH  Test  Series 
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5.4.6  Voice  Test  Conciilsions 


.■M'ter  analy/ine  intelligibility  scores  for  the  four  speech  modems,  the  following  major  con- 
clusions can  be  drawn. 

a.  Three  modems  exceeded  70Sf  PB  word  intelligibility  at  43  dB-Hz:  Hybrid  No.  1 (Q-M/ 
PSK).  Hybrid  No.  2 (PDM/PSKl.  and  the  adaptive  delta  voice  modem  (ADVM).  The 
.\NBF.M  technique  failed  to  achieve  this  performance,  though  not  by  far.  One  modem, 
the  Hybrid  No.  1 , achieved  PB  word  intelligibility  in  excess  of  TQ'T  at  40  dB-Hz.  Over 
the  range  of  40  to  48  dB-Hz.  a relative  ranking  of  modems  would  place  Hybrid  No.  1 
first,  followed  by  ADVM.  Hybrid  No.  2.  and  ANBFM.  It  should  be  emphasized  that  the 
evaluations  pertain  to  word  intelligibility  only  and  do  not  explicitly  include  pleasantness 
of  sound,  synchronization  time,  dynamic  range,  etc.  Also,  the  two  male  speakers  were 
consistently  more  intelligible  than  the  two  female  speakers,  probably  due  to  audio 
band  limiting  effects. 

b.  No  apparent  degradation  in  word  intelligibility  was  observed  in  spite  of  relatively 
high  multipath  levels.  Results  for  S I = 3 dB  showed  little  difference  from  the  no- 
multipath performances  for  all  modems  tested.  This  is  believed  due  to  the  natural  wave- 
form redundancy  of  speech  and  the  fact  that  the  distortion  due  to  multipath  Is  largely 
subaudio. 

c.  When  operated  in  the  hybrid  voice  data  mode,  both  the  Hybrid  No.  I and  2 modems 
required  roughly  3 dB  additional  f /N^  to  achieve  the  same  intelligihihtv  registered  m 
the  voice-only  mode,  as  expected 

d.  Though  less  costly  to  conduct.  SC'IM  evaluations  do  not  appear  to  provide  a universal 
performance  evaluation  since  the  relation  between  SCIM  score  and  word  intelligibilil)  is 
modem  dependent.  Further  discussion  and  supporting  data  are  lound  in  appendix  \ o| 
volume  VI. 


5 5 DIGITAL  DATA  MODFM  IhSI  Rl  SIT  IS 

This  section  summarizes  results  obtained  on  the  perlormaiiee  ol  live  l“sK  .lata  ni.'J.  n.-  .p,  i ii 

ing  at  I 200  bps  in  various  aeronautical  satellite  channel  conditions  I he  modems  repies.  ni.  d iil  'O 
implementations  of  diflerentially  encoded,  coherenllv  delected  phase  slnll  kevingilUt  Rski  in.' 
differentially  coherent  phase-shift  keying  ( DI’SK  l.  I esis  were  eondiicled  m the  R.ism m \ I n <■ 
KC-135  link  configuration  Reception  was  with  represent.itive  oper.ilional  .in. rad  intinn.is  i I v |»>  I 
tests)  at  angles  ranging  from  I 2"  to  40"  and  with  a imiltipalh-conl.iminaleil  channel  i I v ih  II  i.  si-.i 
at  an  elevation  angle  ol  1 5" 
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5.5.1  Digital  Data  .Modems  Tested 


Hybrid  So.  I This  modem  implements  DECPSK.  In  the  data-only  mode,  detection  is 
performed  with  a Costas-type  (B|_  = 130  H/.)  demodulator  and  baseband  matched  filter- 
ing. Coherent  AGC  is  employed  and  IF  bandwidths  exceed  30  kHz  in  all  cases.  The  unit 
can  operate  in  the  combined  voice/ data  mode,  for  which  demodulation  is  accomplished 
with  a narrowband  second  order  phase-lock  loop  tracking  a residual  carrier.  Bell  Aero- 
space Company  manufactured  the  modem  under  contract  to  DOT/TSC. 

Hybrid  So  3 This  unit  was  developed  by  Magnavox  Research  Laboratories  under  DOT/ 
TSC  contract.  DECPSK  is  again  the  data  modulation  and  detection  strategy.  In  the  data- 
only  mode,  the  modem  uses  Costas  loop  (B|_=  150  Hz)  demodulation  and  baseband 
matched  filtering.  Coherent  AGC  is  employed  and  RF/IF  bandwidths  exceed  50  kHz. 

This  unit  may  also  operate  in  a hybrid  voice/data  mode  by  placing  one-half  the  signal 
power  in  a PDM  speech  signal  in  phase  quadrature  to  the  data  carrier. 

.V.d5.1  DfiCFSK:  This  modem  also  performs  DECPSK  transmission  with  a Costas-type 
demodulator.  The  predetection  filter  bandwidth  is  1 5 kHz  and  8^=  450  Hz  . Operation 
is  data-only  at  1 200  bps.  The  unit  was  developed  for  NASA  by  Bell  Aerospace  Company 
as  part  of  the  PL.ACE  program. 

F'.-f.l  CPSK:  The  fourth  modem  performing  DECPSK  was  developed  for  DOT'FAA  by 
Philco-Ford  Corporation.  The  modem  operates  at  either  1 200  or  2400  bps  with  a Costas 
demodulator  (Bj_  = 210  Hz)  . The  signal  processing  is  largely  digital,  including  the 
carrier  and  bit  timing  loops  and  the  integrate-and-dump  detector.  Coherent  AGC  is  used 
and  RF  IF  bandwidths  are  sufficiently  large  to  avoid  band-limiting  distortion. 

/■'.•l.l  DPSK  This  unit  represents  the  only  tested  version  of  DPSK.  Detection  requires 
carrier  phase  stability  over  only  two-bit  intervals.  The  center  frequency  is  continually 
estimated  by  a quadricorrelator  automatic  frequency  control  circuit,  and  a signal-deter- 
mined .\(iC  is  used.  Philco-Ford  developed  the  modem  for  the  FAA  ATS-5  experiments, 
rile  unit  employs  largely  digital  signal  processing. 

< 

All  of  the  modems  are  devoid  of  nonlinear  processing  effects  such  as  hard-limiting  at  IF.  and 
intersymbol  interference  due  to  band-limiting  may  be  ignored  for  all  I 200-bps  data  rates  tested  here. 
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5.5.2  Test  Methodology 

For  all  modems  and  test  conditions,  a maximal  length  2047-bit  sequence  was  used  as  the  test 
pattern.  This  provided  a signal  having  adequate  randomness  properties,  which  was  easy  to  replicate 
and  synchronize  in  a general-purpose  computer  for  error  analyses.  During  hybrid  mode  tests  (voice 
and  data  simultaneous),  the  same  test  sequence  was  used,  and  PB  word  list  tapes  were  input  to  the 
respective  modulator  audio  inputs. 

Since  all  modems  operate  on  versions  of  PSK  signaling,  a single  data  signal  was  sufficient  for 
transmission  from  Rosman.  This  eliminates  the  uncertainty  arising  from  power  balance  of  several  PSK 
carriers  and  minimizes  intermodulation  effects. 

L-band  signals  received  on  the  KC-135  were  detected  by  the  five  modems.  Binary  outputs 
were  recorded  on  instrumentation  tape  and  analyzed  as  described  in  section  5.3. 

5.5.3  Type  1 Test  BER  Performance.  Data-Only  Mode 

Test  results  for  all  Type  1 test  series  are  presented  in  figures  5-8  through  5-1  2 for  the  Hybrid 
No.  I,  Hybrid  No.  2,  NASA.  FAA  CPSK,  and  FAA  DPSK  modems,  respectively.  The  reference 
theoretical  curve's  appropriate  additive  Gaussian  noise  environments  are  given  by 

Pg  = erfc  |(CT,'Nq)‘''^  j (l ->4erfc  | (CT/Ny)‘^' ])dECPSK 
= 4exp  [-  (CT/N^j)j  DPSK. 

In  these  expressions,  T is  the  bit  duration  and  C/N^  is  the  total  signal-to-single-sided-noise-power 
density  ratio.  Also 

CO  -y 

erfc(x)  = I 2/()r)''^^  j e'^  dZ  . 

X 

All  data  points  represent  the  recording  of  at  least  10  error  events,  except  as  noted  for  some 
points  with  very  low  error  probability.  Also,  some  intervals  were  recorded  in  which  no  errors  were 
observed.  This  data  is  plotted  at  Pg  = 10'^  . with  the  number  of  bits  processed  noted. 


Bit-error  probability 


Bit-error  probebitity 


Bit-error  probabilitv 


Bit-error  probability 


Demodulator,  Type  / Tests 
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All  modems  exhibited  the  exponential  dependence  on  signal-to-noise  ratio  expected  tor  non- 
lading  channels.  Relative  to  the  respective  theoretical  performance,  the  modems  exhibited  the  fol- 
lowing inefficiencies  at  an  error  probability  of  10"^: 

Hybrid  No.  1 0.9  dB 

Hybrid  No.  ; 1.2  dB 

NASA  DhC'PSK  1.9  dB 

FAA  C'PSK  (DhCPSK  mode)  1 4 dB  , 

FAADPSK  1.2  dB*. 

These  inefficiencies  can  be  attributed  to  implementation  losses,  such  as  nonideal  matched  liltering. 
and  carrier  and  bit  synchronization  jitter. 

Note  also  that  at  43  dB-H/..  each  modem  meets  the  current  .AFROSAT  system  error  rate 
specification  of  1x10'^  or  less.  The  NASA  DECPSK  and  the  FAA  DPSK  modems  barely  meet  the 
specification  while  the  others  exceed  the  specification  with  a margin  of  at  least  1 dB. 

Since  the  error  probability  performance  exhibits  no  divergence  from  t^^Keoretical  non- 
fading performance  as  C/N^  increases,  we  may  conclude  there  is  no  appreciable  multipath  fading 
phenomenon  for  the  Type  1 tests.  By  inference  from  results  of  the  next  section,  we  may  conclude  the 
S I achieved  by  the  antenna  system  exceeds  about  1 5 dB.  This  conclusion  is  confirmed  by  results 
of  the  antenna  tests,  which  were  designed  to  explicitly  measure  S 1.  fhe  top-left-right  slot-dipole 
system  consistently  showed  SI  ' IS  dB  . 


5.5.4  Type  II  lest  BFR  Performance.  Data-Only  .Mode 

Results  of  Type  11  test  intervals  are  now  presented.  In  contrast  to  the  Type  I tests,  a control- 
lable level  of  multipath  was  injected  into  the  received  signal  composite.  Thus,  modem  performance 
Was  determined  as  a function  of  S 1 as  well  as  C.  N,,. 

To  minimi/'e  experiment  variables,  all  tests  were  conducted  at  a common  elevation  angle:  I 5". 
With  the  aircraft  altitude  kept  in  the  vicinity  of  31 .000  ft.  the  delay  between  direct  and  specular 
returns  is  l6.3  psec.  Tliis  represents  only  a small  fraction  of  the  total  bit  interval  (S33  psec).  At  this 
elevation  angle,  multipath  delay  spread  1 minus  10-dB  value)  is  approximately  4 psec.  Thus,  for  all 
practical  purposes,  the  intersymbol  interference  due  to  multipath  is  of  negligible  impact 


' Relative  to  IfPSK  theoretical,  which  is  about  O b dh  less  elficient  than  DFt  PSK  at  1 0 error 
probability 


C'omiiUMisuralc  with  the  scattering  theory  described  and  verified  in  volume  V.  the  channel  may 
then  be  modeled  as  having  an  imdistorted  direct-path  signal,  plus  a signal  passed  through  a linear,  time- 
varv  mg  channel  with  complex  Gaussian  statistics,  plus  additive  receiver  noise.  Presentation  ol  the 
DPSK  results  utilizes  an  analvsis  of  this  channel  model  that  accounts  for  phase  decorrelation  due  to 
nonzero  Doppler  bandwidth  tref.  5-1  ).  Fliis  model  was  well  verified  in  .^TS-5  test  results  lor  DPSK 
tref.  5-2)  and  is  used  again  here. 

fhe  bit-error  probability  formulation  for  DbCPSK  is  less  concise,  since  pertormance  now 
critically  depends  on  the  behavior  ot  the  coherent  reference  loop.  1 he  simplest  treatment  is  to  assume 
that  the  carrier  phase  tracking  loop  estimates  the  composite  signal  phase  perfectly.  By  again  assuming 
that  fading  is  slow  over  a bit  interval,  numerical  integration  can  easily  provide  error  probability  versus 
C Ny  and  S 1 


Perfect  tracking  of  the  composite  channel  phase  implies  a loop  bandwidth  much  greater  than 
the  multipath  Doppler  bandwidth.  Increasing  Bj^  subjects  the  loop  to  additional  noise  jitter  and 
eventual  threshold  phenomena.  .An  intuitive  approach  presented  in  reference  5-3  models  the  detec- 
tion performance  for  Bj^  on  the  order  ol  the  lading  process  bandwidth.  .A  parameter  7 is  defined  as 


7 = 


B 


L 


Bp^B, 


so  that  7 = 0 indicates  that  onlv  the  direct  signal  phase  is  estimated,  whereas  7 = 1 indicates  perfect 
composite  phase  is  in  effect.  Mi  ignoring  noise  effects.  If  we  assume  Bp-  = 50  Hz  . t\  pica!  ot  the 
I 5*^’  elevation  conditions. 


130 

7 

180 


0." 


since  all  modems  have  tracking  loop  bandwidtlis  exceeding  130  Hz.  riuis.  to  present  1 y|ie  II  test 
results,  we  use  curves  for  7 = 0.75  m reference  5-3  as  a cominon  standard.  Hie  perlonnaiice  is  not 
dramaticall>  different  from  the  perfect  estimate  case  except  at  very  large  ('  N^,.  lo  account  tor  the 
error-rate  magnification  due  to  differential  decoding,  the  error  probability  has  been  scaled  In  2 as  an 
approximation 

Fiiiures  5-13  through  5-1'  present  the  measured  bit-error  rate  for  each  modem  for  all  1 v pe  H 
tests  As  for  I V pe  I tests,  those  intervals  having  less  than  1 0 errors  are  noteil.  ami  intervals  having  no 
observed  errors  are  also  tagged 
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Bit-error  probability 


Figure  5- 14.  Bit  Error  Rate  Performance  of  Hybrid  No  2 DECPSK  Demodulator, 
1200  hd^s,  Type  U Tests 
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Bit-error  probebilitv 


Since  S/1  was  a variable  that  could  only  be  approximately  set  during  flight  conditions  and 
estimated  off-line  later,  the  observed  S/1  values  span  a continuum  from  about  2 dB  to  an  excess  of  15 
dB.  To  concisely  present  the  data,  the  results  have  been  grouped  into  cells  of  a particular  S/1  + 1 ,5 
dB,  Thus  the  cell  boundaries  are  3 dB  apart  in  the  S/1  variable.  The  + 1 .5  dB  is  not  intended  to  be  the 
measurement  uncertainty  associated  with  each  point,  but  merely  the  grouping  uncertainty.  As  stated 
earlier,  the  estimated  measurement  uncertainty  for  S/1  is  1 dB, 

The  performance  of  the  Hybrid  No,  1,  Hybrid  No.  2 and  FAA  CPSK  demodulators  is  not 
appreciably  different  for  larger  C/Ny  values  and  for  all  S/1.  For  those  cases  where  S/1  is  large  and 
C/Ny  relatively  small,  the  Hybrid  No.  1 modem  is  slightly  superior,  followed  by  the  Hybrid  No.  2 
modem  and  the  FAA  CPSK.  This  is  consistent  with  the  findings  of  Type  1 tests,  with  their  essentially 
large  S/1  conditions.  The  NASA  DECPSK  modem  performed  poorly  relative  to  the  other  three 
DECPSK  modems.  This  was  especially  noticeable  at  low  S/l’s  and  appeared  in  the  simulator  data  as 
well  as  flight  test  data.  A plausible  explanation  might  relate  to  the  NASA  modem’s  B^  of  430  Hz. 
implying  poorer  threshold  performance  in  noise,  and  this  is  accentuated  by  heavy  fading. 

It  is  also  observed  that  BER  performance  is  slightly  poorer  than  that  predicted  by  the  7 = 0.75 
theory.  Though  the  disagreement  in  terms  of  effective  S/1  is  roughly  2 to  3 dB  at  lower  S/l  for  the 
three  best  DECPSK  modemsifigs.  5-13,  5-14,  and  5-16),  this  corresponds  to  a factor  of  only  2 to  3 in 
error  probability  for  these  cases.  Agreement  with  theoretical  at  higher  S/1  is  within  the  experimental 
uncertainty.  We  note  that  factors  acting  to  make  performance  poorer  than  that  predicted  are  the 
implementation  losses  for  each  modem  in  the  nonfading  environment,  as  well  as  the  cycle-slipping 
phenomenon  that  is  unmodeled  by  the  reference  curves.  Empirical  observations  showed  this  was 
indeed  significant  for  heavy-fading  cases. 

DPSK  results  (fig.  5-1  7)  are  in  excellent  agreement  with  the  slow-fading  model  predictions" 
(ref.  5-1 ). 

The  relative  performance  of  DPSK  and  DECPSK  is  also  of  interest.  By  comparing  the  actual 
error  probabilities  of  the  three  better  DECPSK  modems  with  the  DPSK  modem,  it  is  found  that: 

a.  For  large  S/1  (greater  than  about  10  dB),  DECPSK  outperforms  DPSK  slightly  in  error 
probability,  but  less  than  an  order  of  magnitude  over  the  range  tested. 

b.  For  poor  S/I,  say  less  than  10  dB,  DPSK  begins  to  exhibit  a superiority,  but  again  not  by 
a large  factor  in  bit-error  probability. 


-'I  he  parameter  p in  figure  5-1  7 is  a measure  of  channel  gam  correlation  over  a bit  period  and  is  given 
by  ( 1-p)  - n~  Bp,"  T".  Additional  details  are  available  in  the  reference. 
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These  results  can  be  explained  intuitively.  For  large  S' I,  the  channel  is  essentially  nonfading 
and  it  is  well  known  that  DECPSK  is  slightly  superior  to  UPSK  for  such  channels.  Section  5.5.3  pro- 
vides data  in  this  regard.  As  S,  1 decreases,  however,  the  ability  to  maintain  the  stable  coherent  ref- 
erence for  DECPSK  is  diminished.  DPSK  is  relatively  unaffected,  however,  as  only  relatively  crude 
frequency  accuracy  is  necessary.  Thus  a crossover  in  relative  performance  is  not  surprising.  An 
identical  observation  has  also  been  made  in  reference  5-4. 

In  terms  of  the  system  design  for  the  1 200/ 2400-bps  data  channels,  no  clearcut  winner  emerges 
unless  the  channel  character  is  decidedly  either  nonfading  or  very  heavy  fading  ( Rayleigh-like).  Even 
then  the  performance  difference  is  not  dramatic,  and  it  is  believed  by  the  authors  that  the  differences 
are  perhaps  small  relative  to  those  that  can  be  effected  by  careful  design  techniques. 

5.5.5  Error  Burst  Statistics 

Whereas  the  previous  results  have  displayed  the  average  bit-error  probability  over  a period  of 
minutes,  the  distribution  of  the  error  events  in  time  is  also  important.  The  tendency  toward  error 
bursting,  if  present,  affects  the  relation  between  bit-error  rate  and  character-error  rate,  for  example. 
Also,  such  information  may  be  used  to  design  error  control  schemes  for  the  specific  channel  conditions 
involved. 

In  the  presence  of  additive  white  Gaussian  noise  and  without  fading  effects,  the  correlation 
structure  of  the  error  patterns  associated  with  the  various  modems  is  well  understood.  For  the 
UECPSK-lype  strategy,  errors  occur  with  high  probability  in  pairs.  This  arises  from  the  fact  that 
decisions  are  the  result  of  differentially  decoding  matched  filter  decisions,  which  are  approximately 
independent.  Single  isolated  errors  are  rather  infrequent  and  can  be  explained  only  by  a carrier-loop 
phase-slip  event.  For  true  DPSK  detectors,  this  strong  propensity  for  paired  errors  is  not  observed, 
although  the  decision  is  based  on  the  phasor  difference  over  two  successive  signal  intervals.  Single 
errors  still  predominate  the  DPSK  on  nonfading  channels,  except  perhaps  at  very  poor  signal-to-noise 
ratios  I ref.  5-5  i. 

Figure  5-18  provides  block-error  histogram  data  for  a Type  II  test  interval  for  various  S I 
conditions.  ( "No  was  held  approximately  constant  over  the  test.  We  observe  that  for  S I = '>  dB, 
the  histograms  for  both  DFCPSK  and  DPSK  are  roughly  the  same;  i.e..  have  predominanlK  paired 
errors  for  DECPSK  and  predominantly  single  errors  for  DPSK.  For  both  detection  strategies,  the 
average  error  probability  increases  as  S I decreases.  Also,  for  DECPSK.  the  predominant  error 
mechanism  changes  from  isolated  paired  errors  to  single  errors  per  block.  Indicating  that  carrier- 
loop  cycle  slipping  is  becoming  significant.  .An  example  showing  similar  behavior,  with  C No  about 
43  dB-H/,  is  given  in  volume  VI. 
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An  alternate  viewpoint  for  studying  the  memory,  or  interdependence,  of  channel  error  patterns 
is  that  of  the  spacings  between  errors.  If  the  error  process  is  truly  memoryless,  the  spacing,  or  waiting 
time  between  errors,  is  geometrically  distributed.  That  is 

i 

Prob  jspacing  = kj  = Pg  ( I - Pg)*^'*.  k = 1,2.... 

where  Pg  is  the  average  error  probability.  As  the  channel  or  modem  induces  memory,  the  frequency 
of  lesser  waiting  times  increases  relative  to  that  of  a geometric  distribution. 

Figures  5-19  and  5-20  show  error  spacing  distributions  for  the  Hybrid  No.  I and  DPSK 
modems  for  two  distinct  channel  conditions.  These  have  been  calculated  by  counting  the  number  of 

times  the  spacing  between  errors  was  k,  k = 1 , 2 40,  and  dividing  each  total  by  the  total  number 

of  errors.  This  provides  an  estimate  of  the  waiting-time  density  function.  On  the  same  figures,  the 
distribution  of  spacings  assuming  a memoryless  process  with  the  same  probability  has  been  plotted  for 
contrast. 

Figure  5-i9  is  for  a Type  1 test  with  C/N^  = 38.2  dB-Hz  and  S/1  > 20  dB.  We  observe  that  the 
error  process  has  significant  memory  over  two  bits  in  each  case;  then  the  probability  of  spacing  k ' 2 
falls  off  with  slope  characteristic  of  a memoryless  process.  Of  course,  this  is  the  expected  result  for 
additive-noise  environments  due  to  the  detection  involving  two  adjacent  bits.  .Also  note  that  for 
DECPSK,  given  an  error  event,  the  probability  is  one-half  that  another  error  follows,  which  is  in 
agreement  with  theory  (ref.  5-2).  On  the  other  hand,  the  corresponding  probability  for  DPSK  is 
0. 1 86.  meaning  back-to-back  errors  are  less  likely.  This  value  is  in  very  good  agreement  with  the 
calculations  of  reference  5-5  (0.19  at  C/N^  = 38.2  dB-Hz). 

Figure  5-20  depicts  a case  with  greater  C/N^  and  moderately  heavy  fading.  This  case  was 
chosen  since  the  average  error  probabilities  were  roughly  the  same  as  those  of  figure  5-19.  Here,  both 
modems  exhibit  a two-mode  characteristic  in  the  density  function.  Namely,  the  density  exhibits 
relatively  large  weighting  lor  spacings  1,  2.  ....  7,  then  decays  slowly  in  accord  with  a memoryless 
process  with  small  error  probability.  Thus,  we  may  conclude  that  for  C/N^  = 41 .6  dB-Hz  and  .S  I = 

6 dB,  the  ellective  memory  length  of  the  error  process  is  on  the  order  of  seven  bits  at  1 200  bps. 

This  intormation  can  be  used  in  the  design  of  error-correcting  codes  for  improving  channel 
pertormance.  For  the  above  example,  the  code  should  have  the  capability  for  correcting  bursts  of 
time  duration  equivalent  to  at  least  seven  bits  long  as  well  as  having  modest  random  error-correcting 
power.  If  the  code  rate  is  one-half,  for  example,  the  burst-correcting  power  should  be  14  channel 
symbols. 


I 

I 
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For  even  licavicr  imiltipalli  conditions  (example  in  vol.  VI  with  S 1 = 2.5  dB,  C/Ny  = 47  dB- 
H/),  the  et't'eetive  memory  time  ot'  the  channel  is  roughly  14  bits.  Memory  times  as  great  as  14  bits  at 
I 200  bps  are  certainly  plausible  for  the  .AFROSA T channels.  It  one  assumes  a two-sided  Doppler 
bandwidth  of  the  multipath  process  to  be  100  H/.  then  the  process  decorrelation  time  ~ 10  msec, 
or  1 2 bits  at  1 200  bps. 

5.5.6  BER  Performance  of  H\  brid  .Modem  in  Combined  Voice  and  Data  Mode 

The  Hybrid  No.  1 and  2 modems  have  the  capability  of  transmitting  speech  and  data  simul- 
taneously on  a single  constant-envelope  carrier.  Tests  were  performed  to  measure  bit-error  rate  (and 
speech  intelligibility)  when  the  modems  were  operating  in  the  hybrid  mode. 

Figure  5-21  and  5-22  present  the  measured  BEiR  for  the  Hybrid  No.  I and  2 modems,  respec- 
tively. .All  these  tests  were  conducted  in  the  Type  1 condition,  i.e..  no  appreciable  multipath  inter- 
ference is  present,  except  for  the  points  tagged  with  circled  S I values. 

It  is  noted  that  the  experimental  data  for  the  Hybrid  No.  1 modem  shows  a rather  dramatic 
divergence  from  the  theoretical  data-only  mode  performance  at  low -bit-error  rates.  Data  channel  perform- 
ance will,  in  fact,  be  somewhat  dependent  upon  the  voice  channel  due  to  the  speech  data  adaptive 
power-sharing  techniques  employed  within  the  modem.  However,  neither  the  acceptance  test  data 
furnished  by  the  modem  manufacturer  nor  laboratory  measurenients  made  by  DOT  TSC  after  com- 
pletion of  the  test  program  show  the  large  divergence  observed  in  the  experimental  data.  Laboratory 
measurements  made  by  DOT/TSC  are  included  in  figure  5-21  Several  (actors  have  been  investigated, 
including  ( 1 ) data  performance  sensitivity  to  voice  channel  audio  input  level  and  ( 2)  possible  presence 
of  multipath  degradation  during  Type  1 tests.  I'o  date,  none  v'l  these  tactors  appears  to  be  causally- 
related  to  the  obsened  experimental  performance,  and  hence  the  disparity  between  laboratory  measure- 
ments and  field-test  data  remains  largely  unre.solved.  It  appears  likely  that  the  laboratory  performance 
measurements  more  closely  approximate  the  achievable  performance  than  does  the  field  test  data. 

It  should  be  stated  that  the  results  exhibited  herein  pertain  to  the  regular  utterance  of  PB 
words  at  2.5-sec  intervals.  In  operational  use.  where  verbal  messages  are  conveyed,  the  data  BFR 
during  voice  channel  activity  may  differ  somewhat  from  the  results  obtained  using  PB  word  lists 
because  of  the  diflerent  dy  namics  associated  with  the  voice  channel  modulation  for  the  two  cases. 

During  periods  of  voice  channel  inactivity,  the  BFR  would  be  essentially  that  achieved  in  the  data- 
only  mode. 

The  Hy  brid  No.  2 modern  performance  (fig.  5-24)  seems  consistent  with  the  expected  .^-dB 
shift  discussed  above.  Relative  to  the  data-only  moile  performance  at  I’e  = lO'-^.  the  actual  difference 
IS  approximately  .^.5  dB.  According  tc'  the  field  test  data  it  is  noted  that  very  low  error  probability, 
say  I X 10'-^.  was  achieved  with  less  f No  for  the  Hybrid  No.  2 than  for  the  Hybrid  No.  I modem.  On 
the  other  hand,  the  Hybrid  No.  I modem  was  more  e'ficieni  at  higher  error  rales.  Again,  these  judg- 
ments pertain  to  the  particular  speech  duly  cycle  used  for  these  tests. 
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Figure  5-22.  BE R Performance  of  Hybrid  No.  2 Modem,  1200  bit/s,  Hybrid  Voice  and  Data  Mode 
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5.5.7  Digital  Data  Test  Conclusions 
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The  digital  data  tests  have  revealed  or  verified  several  significant  conclusions  applicable  to  the 
configuration  of  aeronautical  satellite  data  link  channels.  First,  the  bit-error  rates  achieved  with 
reception  via  a representative  switched  antenna  system  (the  top-left-right  slot-dipole  configuration) 
are  less  than  1 x 10'^  at  C = 43  dB-Hz.  The  latter  corresponds  to  the  current  AFROSAT  system 
specification,  and  the  conclusion  holds  for  four  distinct  DECPSK  modems  and  one  DPSK  modern. 
Relative  to  theoretical  limits  for  additive  Gaussian  noise  environments,  the  modems  exhibited  ineffi- 
ciencies of  0.9  to  1 .9  dB  By  implication,  the  net  S/1  achieved  by  the  antenna  system  for  the  various 
Type  I geometries  exceeded  1 5 dB  since  none  of  the  characteristic  divergence  from  theoretical  non- 
fading performance  was  observed  as  C/N^  was  increased. 

When  operated  on  a Rician  fading  channel  (Type  II  tests),  the  DPSK  modem  performed  in 
general  accord  with  existing  theoretical  results  and  with  previous  experimental  flight  test  results. 

For  example,  if  the  S 1 achieved  by  the  antenna  system  is  only  10  dB.  an  additional  8 dB  of  channel 
pwwer  is  necessary  to  reduce  the  error  probability  to  1 x lO'^.  As  concluded  in  other  investigations, 
error-control  coding  or  multipath-tolerant  waveform  design  appears  to  be  a necessary  adjunct  to  the 
e,xisting  modem  designs  if  S I values  of  only  10  dB  are  anticipated. 

1 he  performance  of  the  coherent-detection  technique  (DECPSK)  was  rather  different  tor  the 
various  modems,  possibly  due  to  the  different  loop  bandwidths  involved  and  the  impact  of  cycle 
slipping.  The  bit-error  rate  versus  C,  observed  tor  these  modems  was  slightly  lower  than  tor  the 
DPSK  modem  when  S 1 was  large,  say  greater  than  10  dB.  as  S 1 decreased  below  10  dB.  the  DPSK 
technique  exhibited  better  performance  In  ranking  the  DECPSK  modems  qualitatively,  we  conclude 
that  the  Hybrid  No  1 modem  performed  best,  followed  by  the  Hybrid  No.  2 modem,  the  FAA 
CPSK  modem,  and  the  NAS.A  modem.  The  latter  seemed  to  exhibit  particularly  bad  degradation  in  a 
multipath  environment. 

Relative  to  the  DPSK  versus  DECPSK  question,  it  is  our  judgment  that  the  difference  in  per- 
formance is  not  significant  in  cither’s  favor  over  a typical  operating  region  of  S/1  and  C N^.  Other 
factors  not  evaluated  here,  such  as  acquisition  performance,  complexity  of  design,  and  reliability  of 
operation  probably  outweigh  any  observed  bil-error-rate  (actors. 

Investigation  of  the  memory  characteristics  of  the  error  patterns  revealed  that: 

a.  In  nonfading  additive-noise  environments,  the  DECPSK  errors  generally  occur  in  pairs 
whereas  the  DPSK  errors  are  predominantly  isolated  single  errors  and,  less  frequently  . 
paired  error  events.  Both  of  these  results  have  been  earlier  theorized  and  verified 
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b.  As  the  level  of  multipath  interference  increases,  the  likelihood  of  error  bursts  increases; 
i.e..  the  short-term  error  probability  varies  over  orders  of  magnitude  due  to  constructive 
and  destructive  interference.  .Also,  for  DECPSK.  cycle  slip  events  become  more  obvious 
as  evidenced  by  the  increase  in  frequency  of  isolated  errors.  If  burst-correction  coding  is 
used  tor  either  DECPSK  or  DPSK.  the  burst-correcting  span  should  be  on  the  order  of 
seven  bits  at  1 200  bps  ( 14  code  symbols  in  a rate  one-half  code). 

Finally,  the  performance  of  the  two  hybrid  voice/data  modems  was  evaluated  in  the  hybrid 
mode.  For  the  Hybrid  No.  2 modem,  the  C/N^  increase  required  to  maintain  equivalent  error  per- 
tormance  was  about  3.5  dB  due  to  the  equal  power  sharing.  The  Hybrid  No.  1 modem  exhibited  a 
more  comple.x  relationship;  tor  high  error  rates  (~I0'"1.  speech  and  data  could  be  conveyed  with  only 
I dB  additional  power  while  at  the  10'^  error  rate,  the  necessary  increase  in  CiN^^  for  the  hybrid 
mode  *as  on  the  order  of  4 dB.  This  is  somewhat  dependent  on  the  duty  cycle  and  statistics  of  the 
speech  modulation  that  result  when  speech  is  added  to  data  transmission  (discussed  in  sec.  5.4.5  I. 

The  impact  of  adding  data  to  speech  is  roughly  3 dB. 


5.6  RANGING  .MODEM  TEST  RESULTS 

The  night  test  program  evaluated  the  performance  of  two  distinct  satellite-aircraft  ranging 
techniques.  Measurements  were  performed  using  only  a single  satellite,  whereas  an  operational  sur- 
veillance system  would  require  additional  measurements  for  a 3-D  position  solution.  Also,  the  ac- 
curacy was  evaluated  relative  to  a best-fit  estimate,  rather  than  absolutely. 

5.6.1  Ranging  Modems  Tested 

The  two  ranging  techniques  tested  are  referred  to  as  TSC  ranging  and  NASA  ranging,  the  names 
deriving  from  the  agencies  sponsoring  the  respective  modem  developments. 


.■>  6 / / TSC  Rjnginii  Modem  This  modem  was  an  in-house  development  at  DOT  Transportation 
Systems  Center.  The  TSC  modem  utilizes  a binary  ranging  code,  which  may  be  rapidly  acquired 
relative  to  the  acquisition  time  of  a brute-force  search.  The  clock  rate  of  the  code  is  selectable  as 
1 56.25  or  1 9 53  kHz.  The  clock  and  I 2 (or  9)  binary  submultiples  arc  used  to  synthesize  the  code, 
with  the  highest  freiiuency  determining  ranging  precision  and  the  lowest  frequency  determining 
unambiguous  range.  .Acquisition  of  the  code  requires  phase  locking  to  the  clock  component,  then 
successively  generating  submultiples  that  are  "in  phase"  with  the  incoming  code.  I his  involves  I 2 
( or  9)  decisions  rather  than  2 " ( or  2 ). 
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At  regular  intervals  a range  measurement  is  performed  by  measuring  the  number  of  40-MH/ 
counts  between  epochs  of  a reference  code  and  the  regenerated  code.  The  range  measurement  is 
formatted  along  with  modem  status  bits  for  tape  recording  and  postflight  analyses  in  Seattle. 

S.f).  1.2  .V.15.1  Running  .Modem  The  N.AS.A  ranging  modem  implements  a cw  sidetone  ranging 

technique  developed  for  N.ASA  as  part  of  the  PLACK  system.  Modems  were  located  on  the  aircraft 
and  at  Rosman,  North  Carolina,  and  two-way  round-trip  range  was  computed  at  Rosman.  Rosman 
continuously  emitted  the  surveillance  and  ranging  (S&R)  signal,  which  was  acquired  and  tracked  by 
the  aircraft  modem  as  well  as  by  other  users.  Aircraft  emissions  were  in  response  to  an  interrogation 
signal  inserted  into  the  forward-link  waveform.  In  the  high-rate  mode  used  for  these  tests,  an  inter- 
rogation occurs  each  6.4  sec. 

I Tlte  S&R  signal  has  four  ranging  tones  (8575,  8550.  8400  and  7.350  Hz)  double-sideband 

modulated  on  a carrier  plus  a 600-bps  Manchester  PSK  channel  in  phase  quadrature.  The  composite 
of  the.se  is  limited  to  remove  envelope  variation.  The  signal  is  coherently  demodulated  with  a carrier- 
tracking loop  that  tracks  the  residual  carrier.  Tone  phase  for  each  tone  is  computed  by  baseband 
i correlation  with  reference  tones.  A digital  computer  resolves  the  phase  ambiguities  implied  by  the 

modulo-Zrr  measurements  and  computes  round-trip  range.  I'he  600-bps  data  channel  is  used  for  polling 
I of  various  terminals,  transmission  of  onboard  altitude,  etc. 

The  responses  received  at  Rosman  were  processed  and  written  on  digital  tape,  which  in  turn 
was  supplied  to  Boeing  for  analysis. 

5.6.2  Reduction  and  .Analysis  of  Ranging  Data 

For  both  types  of  tests,  range  versus  time  arrays  were  constructed  for  a test  interval  of  seseral 
minutes'  duration.  Obvious  outliers,  or  blunder  errors,  were  purged  from  the  data  set  as  described  in 
volume  IV  to  yield  a more  meaningful  calculation  of  error  standard  deviation.  Using  the  remaining 
j points,  a second-order  polynomial  fit  was  perfomied,  and  an  error  array  was  defined  by  the  devi- 

t ations  between  each  sample  point  and  the  best-fit  estimate  at  the  corresponding  time.  I bus,  the 

experiment  measures  error  deviations  relative  to  a nominal  traiectory.  The  nils  value  of  this  deviation 
is  the  primary  test  statistic. 

(ioodness-of-fit  tests  were  perfonned  for  both  modem  experiments  to  test  the  assumption  ol 
normally  distributed  range  error.  The  chi-si|uared  test  was  used,  with  mean  and  variance  ol  the  hypo- 
thetical distribution  computed  from  the  error  data. 
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For  the  TSC  tests,  the  signal  envelope  samples  were  processed  as  described  in  section  5.3.1 
to  provide  C/N^  and  S/1  estimates  for  the  channel.  The  forward-link  C/N^  for  the  NASA  signal  is 
assumed  identical  to  that  of  the  TSC  signal.  No  corresponding  C/N^  and  S/I  data  was  available  at  the 
Rosman  ground  station  relative  to  the  return-link  channel  quality  during  tests  of  the  NASA  ranging 
modem. 

5.6.3  TSC  Digital  Ranging  Modem  Performance 

Results  presented  for  the  TSC  ranging  modem  are  confined  to  November  1974  through  April 
1 975  test  periods.  Although  data  was  collected  during  September  and  October  1 974,  this  data  could 
not  be  reduced  because  of  a waveform  anomaly  in  the  modem  output  consisting  of  a phase  discon- 
tinuity that  appeared  in  the  Manchester  bit  stream  shortly  prior  to  each  range  reading.  This  occurred 
only  when  the  modem  was  forced  to  make  entire  code  acquisition  for  each  measurement;  subse- 
quently the  modem  was  operated  in  a four-readings-per-second  mode  where  reacquisition  was  per- 
formed only  if  the  lock  was  broken. 

Type  1 test  results  for  a standard  deviation  of  range  error  in  meters  are  found  in  figure  5-23 
for  both  narrowband  and  wideband  modes.  Test  data  encompasses  the  November  1974  through 
April  1975  test  series.  Superimposed  are  best-fit  curves  from  baseline  laboratory  data  provided  by 
TSC.  For  the  narrowband  data,  the  points  straddle  the  laboratory  curve  but  in  general  lie  above  it. 
Also,  data  scatter  is  greater  than  that  attributable  to  finite-sampling  error. 

One  potential  reason  for  the  higher  rms  error  in  the  flight  test  environment  is  the  presence  of 
small  amounts  of  multipath  interference.  Although  the  slot-dipole  antenna  system  used  in  Type  I 
tests  provides  rather  large  discrimination  as  determined  from  spectral  analysis  of  the  envelope  detec- 
tor output,  even  low  multipath  levels  can  increase  the  rms  deviation  significantly  beyond  that  pre- 
dicted for  additive  noise  only.  For  example,  with  C/N^  = 43  dB-11/.,  the  clock  loop  signal-to-noise 
ratio  is  38.9  dB  (effective  tone-power-to-noise  ratio  in  B^).  The  signal-to-multipath  ratio  may  be 
calculated  by  assuming  for  the  present  that  the  S/1  achieved  by  the  antenna  system  is  20  dB,  Al.so. 
assuming  the  multipath  one-sided  bandwidth  is  50  Hz  and  noting  that  B^  = 1 Hz,  an  additional  17-dB 
rejection  accrues  via  narrowband  tracking.  The  loop  output  S/1  then  is  37  dB.  This  is  approximately 
equal  to  the  signal-to-noise  ratio.  Thus  the  net  rms  error  will  be  larger  than  that  calculated  for  noise 
alone.  This  points  out  the  potential  dominance  of  multipath  effects  in  the  ranging  system  error 
budget,  particularly  for  high-precision  systems. 
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For  ihc  M'iJL-hjiiJ  case,  the  llight  test  results  have  considerably  larger  rnis  deviation  than  the 
laborator\  nieasurements.  .Aside  from  multipath  factors  described  above,  two  factors  may  contribute 
to  this.  First,  experience  with  the  modem  indicated  that  the  carrier  loop  needs  continual  monitoring 
of  loop  Stress  to  maintain  optimum  modem  performance  in  the  wideband  mode.  Since  the  operator’s 
workload  prevented  such  monitoring,  the  performance  observed  here  could  be  expected  to  be  poorer 
than  laboratory  measurements.  Second,  the  assumed  second-order  aircraft  trajectory  may  not  be 
adequate  to  model  the  short-term  motion  of  the  aircraft  due  to  gusting  and  tlight  control  actions. 
These  perturbations  are  insigniticant  when  error  deviations  on  the  order  of  100  m are  under  study. 

In  the  w ideband  mode,  however,  the  ranging  precision  is  on  the  order  of  a few  tens  of  meters,  and 
these  unmodeled  variations  could  be  important.  11  so,  the  apparent  rms  deviation  is  inflated  relative 
to  that  obtained  with  exact  knowledge  of  aircraft  motion. 

T\  pe  II  test  results  for  the  TSC  modem  are  found  in  figure  5-24.  The  number  adjacent  to  each 
point  is  the  computed  S I.  The  data  is  limited  to  those  conditions  for  which  the  S I is  relatively 
high  since  the  cases  with  stronger  multipath  yielded  erratic  modem  performance,  presumably  due  to 
loss  ot  lock.  It  is  noted  that  in  both  the  narrowband  and  wideband  cases,  data  points  lie  roughly  in 
the  same  location  versus  C as  do  the  Type  I data  points.  This  is  a reasonable  result  since  the 
effective  S 1 of  the  slot-dipole  system  generally  exceeded  20  dB  for  the  test  geometries  tTown. 

In  Type  I and  II  tests,  frequent  range  jumps  were  observed,  either  due  to  loss  of  lock  or  incor- 
rect ambiguity  resolution.  These  points  are  censored  from  the  data  set  unless  the  frequency  of  occur- 
rence was  too  large  to  permit  reasonable  processing  of  the  set. 


It  was  also  determined  tliat  range  quantizing  effects  associated  with  the  digital  clock  tracking 
PLL  was  a signiticaiit  hictor  in  the  total  error  budget.  In  some  cases  with  reasonably  large  C'/N^  and 
S I.  quanli/ing  is  clearly  the  dominant  effect. 

5.0  4 N AS  A Ranging  Modem  Perfomiance 


Seven  digital  tapes  were  supplied  to  Boeing,  spanning  T days  of  ranging  experiments;  November 
15  and  |o.  |q~4  ,,,ul  January  25.  January  2d,  March  27,  March  2S,  and  March  51.  Id?5,  Fpon  care-  \ 

lul  examination,  it  was  decided  that  the  January  25  tape  contained  no  usable  data  ^ 

i 

Pertinent  mlormation  tor  the  remaining  six  test  intervals  is  lound  m table  5-4  (.'ontained  in 
the  table  are  the  number  ot  points  accepted  and  total  number  ol  points,  the  standard  deviation  ot 
error,  the  chi-s(|uared  goodness-of-(jt  result,  and  the  measured  link  ('  N,,. 


i 
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Figure  5-24.  RMS  Error  Performance,  TSC  Ranging  Modem  Type  II  Tests 


TA  BL  E 5-4.  NASA  RA  NGING  SUMMA  R Y 


Date, 

mo*day-yr 

Test 

type 

Start 

time 

Stop 

time 

Total 

points 

Points 

accepted 

a„, 

meters 

P (X^>t| 

C/N„, 

dB-Hz 

11-13-74 

II 

0941 

0946 

42 

32 

298 

0.70 

42.0 

11-13-74 

1 

0958 

1007 

79 

69 

248 

0.27 

- 

11-13-74 

II 

1011 

1016 

32 

23 

332 

0.62 

44.5 

11-19-74 

II 

1203 

1208 

43 

23 

225 

0.79 

1-29-75^ 

1 

1020 

1028 

76 

76 

56 

0.35 

60 

1-29-75® 

1030 

1038 

67 

67 

125 

0.92 

46 

3-27-75 

II 

1220 

1233 

127 

120 

334 

0.03 

44.6 

328-75 

1 

1353 

1359 

48 

45 

236 

0.75 

42.7 

3-31-75 

II 

1217 

1221 

33 

27 

1 

263 

0.27 

1 

42.0 

^Ground  test. 


Several  conclusions  can  be  drawn  from  table  5-4.  First,  roughly  2S7c  of  the  range  readings 
written  on  tape  had  huge  errors  (greater  than  1 0,000  m ) and  were  therfore  purged.  These  large 
errors  perhaps  correspond  to  incorrect  resolution  of  the  ambiguous  phases  of  the  four  tones.  What- 
ever the  cause,  the  frequency  of  blunder  errors  would  have  to  be  reduced  to  be  usable  in  any  opera- 
tional sense.  Second,  there  is  no  strong  basis  for  rejecting  a normal  distribution  of  error  from  chi- 
squared  tests,  since  only  one  batch  produced  a test  statistic  exceeding  the  0.05  significance  level. 
However,  due  to  the  small  sample  sizes  involved,  the  power  of  the  test,  i.e,,  the  probability  of  reject- 
ing the  hypothesis  when  in  fact  the  samples  were  not  normally  distributed,  is  probably  not  large. 

In  other  words,  many  near-Gaussian  distributions,  appropriately  scaled,  might  be  approved  by  the 
test.  Since  there  is  a physical  basis  for  a C'laussian  model  and  it  is  not  rejectable  from  the  data,  it  is 
plausible  to  invoke  its  assumption  except  perhaps  for  describing  events  lying  in  the  far  tail  of  the 
distribution. 

Calculations  found  in  volume  VI  show  the  observed  performance  is  reasonably  consistent  with 
expectations.  For  total  C/N^j  = 42  dB-Hz,  the  theoretical  rms  range  error  is  285  m:  for  forward- 
link  C Njj  = 42  to  44  dB-Hz,  the  average  of  observeii  standard  deviations  is  27(i  m.  .Mthough  only 
the  forward-link  C.N^^  was  measured  direclls  , link  calculations  indicate  the  return  link  should  con- 
tribute little  additional  noise.  I'hus.  42  to  44  dB-Hz.  round-trip  C N^,  nia>  be  expected  for  most  of 
the  cases  in  table  5-4,  and  we  see  that  the  observed  standard  deviation  is  roughly  what  should  be 
expected 


It  is  noted  that  the  rms  ranye  error  achieved  falls  short  of  the  current  AEROSAT  system  speci- 
fication ot  0[^  = 50  in  at  43  dB-11/.  ( The  modem  obviously  was  not  designed  to  achieve  this  pcr- 
tormance.)'  Satisfaction  of  the  specification  with  a tone-ranging  format  will  thus  require  considerably 
wider  signal  bandwidths.  Tone  integration  time  cannot  be  significantly  lengthened  due  to  the  neces- 
sity to  acquire  and  process  each  user  response  in  0.5  sec. 


5.6.5  Ranging  Test  Conclusions 


The  night  test  performance  of  two  distinct  ranging  techniques  has  been  determined  over  a 
6-month  test  program.  Type  I tests  were  performed  with  operational-class  aircraft  antennas.  Type  II 
tests  measured  performance  on  the  multipath  channel  by  inducing  various  multipath  levels  with  a 
second  antenna. 

Results  of  the  TSC  ranging  test  showed  that  rms  range  error  was  typically  100  m at  43  dB- 
H/  carrier-to-noise  density  ratio  in  the  narrowband  mode  ( 19.53-kllz  clock).  In  the  wideband  mode 
( 156.25-kH/  clock),  the  rms  error  was  reduced  to  roughly  30  m at  the  same  condition.  These  results 
are  generally  larger  than  corresponding  laboratory  measurements,  particularly  so  for  the  wideband 
mode. 

NAS.A  ranging  tests  e.xhibited  a tspical  rms  error  of  276  m in  the  42  to  44  dB-lIz  region,  a 
performance  measure  in  reasonable  agreement  with  theoretical  e.xpectations.  1 

The  NASA  modem  exhibited  a rather  high  frequency  of  blunder  error,  perhaps  due  to  incor- 
rect ambiguitv  resolution  This  was  also  observed  to  a lesser  degree  with  the  TSC  modem  w'hen  the 
modem  was  operated  m a mode  forcing  reacquisition  of  the  code  on  each  measurement. 


I he  current  .M.ROSAl  system  ranging  performance  specification  was  not  applicable  during  the 
design  phase  of  this  modem. 
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6.  ANTENNA  EVALUATION  TEST 


The  antenna  evaluation  test  qLiuntitatively  evaluated  the  in-llight  perfonnance  of  candidate  air- 
craft antennas  for  aeronautical  L-band  satellite  applications. 


6.1  ANTENNA  EVALUATION  TEST  OBJECTIVES 

The  antenna  perfonnance  figures  of  merit  of  major  interest  are  the  gain  (which  directly  deter- 
mines achievable  C N^^)  and  the  ratio  of  received  signal  to  multipath  interference  (S/I).  The  specific 
test  objective  was  to  acc]uire  and  analyze  data  to  detennine  gain  and  S/1  over  a range  of  satellite  eleva- 
tion and  relative  bearing  angles  for  the  selectable  three-element  slot-dipole  system,  phased-array.  and 
patch  antennas. 


6.:  ANTENNA  EVALUATION  TEST  DESCRIPTION 

6.2.1  KC-135  Terminal  Configuration 

.A  simplified  block  diagram  of  the  KC-135  tenninal  is  shown  in  figure  6-1 . Two  independent 
receiving  channels  were  available  for  simultaneous  reception  of  the  same  cw  downlink  ATS-(s  test 
signal  via  twio  separate  antennas.  Either  the  quad  heli.x  or  the  selected  slot  dipole  could  be  connected 
to  the  PLACE/  receiver,  and  either  the  phased  array  or  patch  could  be  connected  to  the  other  receiving 
system. 

,-Vfter  amplification  and  down-conversion  to  10  Mil/,  the  two  signals  were  time  multiplexed,  at 
a 3-sec  switching  rate,  to  an  envelope  detector.  The  detected  output  was  recorded  for  off-line  com- 
puter analysis  to  determine  C/N^,  and  S I for  each  receiving  system.  Two  spectrum  analyzers  and 
several  other  instruments  were  used  for  system  monitoring,  calibration,  and  real-time  performance 
measurements.  An  eight-channel  chart  recorder  provided  a hard-copy  log  of  selected  inllight  reference 
data 


6.2.2  l est  (ieoinetries  and  Scenarios 

Both  circular  and  linear  flighlpaths  were  used  lo  acquire  antenna  performance  data  at  elevation 
angles  ranging  between  lO"  and  40"  E xcept  tor  a tew  tests  conducted  with  the  aircraft  parked  on  the 
ground,  all  tests  were  overocean  in  order  to  assess  performance  in  the  overocean  multipath  environment . 

(vl 
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For  circular  llightpaths.  the  airplane  was  tlown  in  a large  circle  (20-nnii  radius)  with  near-zero 
bank  angle,  thus  acquiring  antenna  data  on  a quasi-continuous  basis.  Figure  6-2  gives  the  basic  test 

geometry  and  scenario.  test  began  with  a 6-min  linear-night  segment  broadside  to  the  satellite  ^ 

direction.  During  the  first  4 min  of  this  segment,  the  quad  helix  was  connected  to  one  receiving  sys-  < 

tern  while  the  phased  array  was  connected  to  the  other.  After  the  Qll  pointing  was  optimized  and 

PH  A elevation  beam  position  was  selected,  final  signal  level  adjustments  were  made;  calibration  data  j 

was  then  acquired  with  the  carrier  detector  unit  multiplexing  between  the  PHA  and  QH  channels.  j 

During  the  final  2 min  of  the  initial  calibration  portion,  the  OH  was  replaced  by  the  RWSD.  At  ty+06.  | 

the  aircraft  began  a turn  at  a planned  turn  rate  of  18‘’  per  minute.  During  the  turn  the  aircraft  heading  i 

was  continuously  monitored  and  antenna  changeovers  (as  indicated  in  fig.  6-2)  were  made  when  the 
aircraft  heading  relative  to  the  satellite  reached  the  value  specified  in  the  test  operations  plan.  I hrough- 

out  the  circular  portion  of  the  llight.  one  receiving  system  acquired  data  for  the  three-element  slot-  ' 

dipole  antenna  while  the  other  acquired  data  for  the  phased-array/patch  combination.  After  the  circle 

was  completed,  a 4-min  straight-line  segment  was  tlown  to  allow  verification  and  backup  for  the  initial 

calibration  period  at  the  start  of  the  test.  The  instrumentation  recorder  was  operated  continuously 

throughout  the  test. 

During  the  1974  fall  series,  seven  such  tests  were  planned  at  elevation  angles  ranging  between 
10°  and  40°.  These  circular  paths  were  difficult  to  tly  successfully,  and  the  continually  changing 
heading  made  manual  C/N^,  measurements  (used  as  a backup  check  during  the  subsequent  analysis)  less 
accurate.  During  the  data  analysis  it  was  also  found  that  the  "conical"  cuts  through  the  phased-array 
beam  did  not  acquire  all  the  data  desired  because  of  the  characteristic  beam  shape  of  the  antenna.  The 
beam  shape  causes  the  elevation  beam  position  that  yields  maximum  gain  to  change  as  the  relative 
bearing  angle  to  the  satellite  is  changed.  Typically,  two  or  three  different  elevation  beam  positions 
were  needed  to  maintain  optimum  reception  during  a 90°  heading  change  from  the  broadside 
direction. 

In  the  spring  1975  test  series,  some  additional  antenna  tests  based  on  linear  tlightpaths  were 
designed  specifically  to  acquire  data  for  the  phased  array.  For  these  tests,  the  planned  llightpath  con- 
sisted of  seven  straight-line  segments,  each  of  13-min  duration.  The  segments  were  offset  0°.  30°. 

60°.  90°.  I 20°.  1 50°.  and  I 80°  relative  to  ATS-(v  on  tlie  right  side  of  the  aircraft.  These  segments 
were  easy  to  lly  and  were  long  enough  to  allow  phased-array-antenna  beam  selection  optimization  as 
well  as  manual  measurement  of  C’ and  gain  calibration  for  each  antenna  under  test.  Data  were  also 
acquired  for  the  three-element  slot-dipole  and  patch  antenna  systems  during  these  tests. 

The  linear  llightpaths.  however,  had  several  disadvantages  compared  with  circular  paths:  ( 1 ) 
lesseftlcient  use  was  made  of  satellite  and  llight  time.  (2)  ilata  was  available  at  30°  azimuthal  incre- 
ments only,  rather  than  quasi-continuously . (3)  the  total  llightpath  spanned  a much  larger  geographic 
region  over  which  the  ATS-6  antenna  gain  coverage  may  not  be  entirely  constant,  and  (4t  tlie  dur.ition 
of  the  test  was  much  longer,  increasing  the  possibility  of  I S-6  RF  power  output  variation.  File 
circular  llightpath  was  therefore  used  for  all  antenna  evaluation  tests  lor  which  the  primary  objective 
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Figure  6 2.  Antenna  Evaluation  Test  Geometry 
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was  the  acquisition  ol  data  lor  operational-type  antennas  such  as  the  slot  dipoles.  Several  additional 
, circular-path  tests  were  conducted  during  the  spnng  test  senes. 

I 

6.2.3  .Antenna  Evaluation  Data  .-Xcquisition  Summary 

.A  summary  of  the  antenna  evaluation  tests  is  given  in  table  6-1 . 


6.3  DATA  ANALYSIS  PBOCEDURLS 

The  parameters  required  for  presentation  of  antenna  evaluation  test  results  are  antenna  gain, 
signal-to-multipath  interference  ratio  (S  T),  elevation  angle,  and  relative  bearing  angle  to  ATS-6. 

6.3.1  Bearing  and  Elevation  .Angles  Computation 

The  satellite  elevation  angle  was  computed  from  fundamental  trigonometry  using  the  known 
satellite  and  aircraft  locations.  The  relative  bearing  angle  to  the  satellite  was  computed  from  stripouts 
of  aircraft  magnetic  heading  used  in  conjunction  with  the  known  satellite  direction  and  magnetic 
variation  at  the  test  location. 

.-Aircraft  roll  angle  stripouts  were  examined  whenever  such  infonnation  was  available,  and  data 
points  were  discarded  if  roll  exceeded  -t-5°.  During  normally  executed  (lights,  the  aircraft  roll  angle 
exceeded  +5^  only  on  infrequent  occasions;  hence,  data  purges  due  to  aircraft  roll  constituted  only  a 
small  percentage  of  the  data  base.  .Aircraft  pitch  angle  was  normally  between  4°  and  6°  (nose  up) 
during  data  acquisition.  This  (light  attitude  is  normal  at  the  altitude  and  velocity  conditions  (30,000 
ft.  375  kn  I employed  lor  antenna  tests.  No  adjustments  (or  data  censonng)  were  made  due  to  pitch 
angle  considerations. 

(1.3.2  C Ny  and  S,l  Determination 

I he  calculation  of  ( and  S I is  basic  to  all  antenna  evaluation  tests.  The  cw  carrier  trans- 
mitted from  Rosman  to  the  aircraft  via  .ATS-6  was  processed  by  the  envelope  detector  in  the  carrier 
detector  unit.  The  detected  envelope  output  was  I'M  recorded  and  computer  analy/ed  off-line  to 
determine  ( N„  and  S I.  Values  of  S I up  to  20  dB.  which  represents  the  multipath  resolution  capa-  j 

bility  of  the  analysis  technique,  can  be  estimated.  A detailed  description  of  the  mathematical  basis  lor  i 

this  analysis  and  the  algorithms  used  are  given  in  volume  IV  of  this  report.  Tlie  data  acquisition  pro-  | 

cediires  and  algorithm  made  it  possible  to  obtain  ( N^,  and  S I esiimates  as  often  as  every  3 sec  for  I 

the  antenna  tests 
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TABLE  6-?.  ANTENNA  EVALUATION  DATA  ACQUISITION  SUMMARY 


Date. 

mo/day/vr 

Elev 

angle, 

deg 

Flight 

geometry 

Test 

duration, 
hr  -r  min 

Antenna 

tested 

Remarks 

9-24  74 

Circular 

0+30 

,SDP,  PHA 

As  per  figure  3-5 

10  01-74 

Circular 

0+30 

SOP,  PHA 

Flightpath  deviations  due  to  ATC 
conflicts 

10-23-74 

Circular 

0+30 

SDP.PHA.PAT 

As  per  figure  3-5 

10-24  74 

Circular 

0+30 

SDP,  PHA,  PAT 

A$  per  figure  3-5 

10-29-74 

Circular 

0+30 

SDP,  PHA,  PAT 

As  per  figure  3-5 

11-21-74 

Circular 

0+30 

SDP.PHA.PAT 

As  per  figure  3-5 

1 21  75 

Linear 

1+50 

SDP.  PHA.  PAT 

Ground  test  at  NAFEC.  various  headings 
by  taxiing  aircraft 

1-22  75 

9 

Linear 

0+30 

SDP.  PHA 

Three  segments 

1 27-75 

mm 

Linear 

1+30 

SDP.  PHA.  PAT 

Seven  segments 

3-25-75 

■■ 

Circular 

0+20 

SDP 

Bad  weather 

3-27-75 

Linear 

1+30 

SOP.  PHA.  PAT 

Seven  segments 

4-01-75 

Circular 

0+20 

SDP 

Bad  weather 

bJ.3  Antenna  Gain  Calculation 

The  relative  gain  of  the  antennas  was  deduced  by  comparing  the  received  power  levels  at  the 
antenna  terminals.  Absolute  gain  was  estimated  by  using  the  quad  helix  as  a standard,  since  it  is 
known  to  provide  15.5-dU  gain  to  RIlC  polarized  signals  when  optimally  pointed.  As  a first  step  in 
calculating  antenna  gain,  the  value  of  the  receiving  system’s  equivalent  noise  power  density.  (in 
dHW''llz),  referred  to  the  antenna  terminals  is  determined.  The  applicable  c(|uation  is 

N„  = -204.0+ + . (6-1) 

where: 

L.j  = total  Rl-  losses  (in  dB)  between  the  antenna  terminals  and  the  preamphller  input  ter- 
minal. as  determined  from  Rh' subsystem  calibration  measurements 
N'Fop  = nieasuied  receiving  system  operating  noise  llgure  (in  dll)  referred  to  the  preamplifier 
input  terminals 
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The  received  signal  strength,  (in  dBW),  at  the  antenna  terminals  is  then  calculated  from  the 
measured  and  the  value  determined  above;  i e., 

Sa  = C/N^  + No  . (6-2) 

Tlie  unknown  gain,  ('r>  dB),  of  an  antenna  under  test  can  then  be  determined  from 

where: 

Gqh  = known  gain  of  reference  QH  antenna  (dB) 

Sqj^I  = received  signal  strength  at  QH  output  terminals  (dBW) 

Sa  = received  signal  strength  at  output  terminals  of  antenna  under  test  (dBW), 

Quad-helix  gain  calibration  data,  i.e,,  Sqj,j,  was  not  available  for  all  segments  since  ( I ) quad- 
helix  azimuthal  steering  was  restricted  to  + 1 10°  from  the  nose  and  (2)  operational  procedures  and  RF- 
subsystem  hardware  constraints  sometimes  precluded  acquisition  of  quad-helix  reference  gain  data. 
However,  additional  information  was  available  from  signal  strength  measurements  made  during  other 
tests  in  adjacent  time  periods.  These  measurements  allowed  the  expected  ATS-6  signal  strength  to  be 
determined  for  certain  test  areas,  especially  along  the  modem  evaluation  Type  II  test  path  at  an  eleva- 
tion angle  of  15“.  These  data  have  been  used  on  occasion  to  augment  the  normal  quad-helix  antenna 
gain  calibration  data,  especially  during  those  portions  of  the  linear-path  tests  for  which  the  quad  helix 
could  not  be  pointed  toward  the  Satellite.  Test  results  that  incorporate  the  use  of  such  data  are  so 
identified. 

6.3.4  Reference  Gain  Antenna 

Inherent  in  all  experimentally  derived  values  of  antenna  gain  is  the  assumption  that  the  refer- 
ence quad-helix  antenna  gain  actually  achieved  during  the  calibration  me  'surement  portion  of  the 
flightpath  is.  in  fact.  I 5.5  dB.  The  peak  gain  of  the  quad-helix  antenna  was  verified  by  full-scale 
measurements  on  the  antenna  range  on  three  separate  occasions:  once  prior  to  initial  installation  and 
twice  during  subsequent  removals  for  antenna  servicing  and  recalibration.  The  most  recent  recalihra- 
tion  was  in  mid- 1 674  Just  prior  to  installation  for  the  ATS-b  test  program.  During  the  initial  develop- 
ment of  the  antenna,  measurements  were  made  using  a I /20-scale-model  horn  antenna,  installed  on  a 
model  KC-135  aircraft.  These  measurements  confinned  that  the  pattern  was  not  significantly  af  fected 
by  the  airframe  for  broadside  pointing.  It  is  therefore  concluded  that  the  gain  characteristics  broad- 
side to  the  aircraft  at  elevation  angles  above  I 5‘’  are  closely  represented  by  the  full-scale  gain  measure- 
ments referred  to  above. 
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6.4  THRHE-ELUMENT  SLOT-DIPOLE  ANTENNA  SYSTEM  RESULTS 

This  section  presents  plotted  ami  tabulated  gain  and  S I data  for  the  slot-dipole  antenna 
system  Gain  and  S i data  derived  from  antenna  range  measurements  are  presented  for  comparison 

6.4.1  E.xperimental  Gain  and  S I Data  for  Slot  Dipoles 

Seven  circular-path  tlight  tests  were  conducted  for  the  slot-dipole  antenna  system.  I he  test 
conditions  are  summari/ed  in  table  6-II  and  selected  results  are  plotted  in  figures  6-3  through  6-6. 

6 / / HxpchmcntuUy  Measured  Gain  Results  obtained  for  the  April  1 and  March  2.S.  1975. 

night  tests  will  be  discussed  first.  These  two  tests  were  conducted  in  the  same  area  at  a nominal 
ATS-6  elevation  angle  of  1 5°.  Althougli  higli-quality  received  signal  strength  data  for  the  antennas 
was  obtained  on  each  occasion,  aircraft  roll  and  pitch  data  was  not  acquired  for  either  of  these  tests 
due  to  a hardware  fault  associated  with  operation  of  the  instrumentation  gyro  sensor.  .Aircraft  head- 
ing data  was  recorded  and  confirms  that  both  tests  were  well  llown. 

Comparison  of  results  reveals  gain  asymmetry  that  is  opposite  for  the  two  tests:  on  March 
25  the  measured  gain  was  higtier  for  the  right-side  antenna,  while  on  April  ! the  gain  was  higher  for 
the  left-side  antenna.  This  suggests  that  the  aircraft  bank  angle  may  have  been  nonzero  and  of  opposite 
polarity  for  the  two  tests.  Closer  investigation  tends  to  confirm  the  plausibility  of  this  argument. 


TABLE  6-2.  SLOT  DIPOLE  ANTENNA  CIRCULAR 
FLIGHT  SUMMARY 


Date 

Elev 

angle. 

deg 

Figure 

April  1,1975 

15 

6-3 

March  26,  1975 

15 

64 

November  21,  1974 

19 

6 5 

Composite® 

20 

66 

October  24,  1974 

19 

5*5  of  volume  VII 

October  29,  1974 

16 

5 6 of  volume  VII 

October  23,  1974 

25 

5*8  of  volume  VII 

Septembei  24,  1974 

28 

5 7 of  volume  VII 

Composite  plot  derived  from  figures  6-3,  6-4,  and  6-5. 
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Gain  scale.  5 dB  per  maior  division,  origin  at  -5  dB 
S I scale  20  dB  per  maior  division,  origin  at  0 dB 
Aircraft  turn  direction  Counterclockwise 


I lOdBgain 


5 dB  gam 


LWSD 


20-dB  S/I 


Figure  6 3 Three  Element  Slot  Dipole  Antenna  System  Gam  and  S/I.  April  1,  1975. 
Elevation  Angle  15^ 


' Gain  scale:  5 dB  per  major  division,  origin  at  ~5  dB  / 
\ S/1  scale:  20  dB  per  major  division,  origin  at  0 dB 

'>  Aircraft  turn  direction:  Clockwise 


10-dB  gain 


RWSD 


Figure  6 4.  Three-Element  Slot  Dipole  Antenna  System  Gam  and  S/I.  March  25,  1975. 
Elevation  Angle  -15^ 
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Gam  scale  5 dB  per  major  division,  origin  at  -5  dB 
S/I  scale;  20  dB  per  major  division,  origin  at  0 dB 
Aircraft  Turn  direction:  Clockwise 


10-dB  gain 


5'dB  gain 


On  April  1 . th  .•  circular  lliglitpath  was  counterclockwise  as  viewed  from  the  top,  i.e..  the 
airplane  heading  was  decreasing  and  the  relative  bearing  to  the  satellite  was  gradually  increasing  during 
the  test.  The  small  bank  angle  for  this  circular  path  would  be  expected  to  effectively  increase  the 
elevation  angle  for  the  LWSD  and  decrease  it  for  the  RWSD.  On  this  particular  flight,  westerly  winds 
of  approximately  150  kn  were  experienced  at  altitude.  A discussion  with  Right  personnel  confirmed 
that  a compensating  banking  maneuver  would  be  expected,  which  would  increase  the  effective  eleva- 
tion angle  for  the  LWSO  but  would  reduce  the  elevation  angle  during  the  RWSD  illumination  portion. 
As  a result,  it  is  estimated  that  the  broadside  effective  elevation  angle  for  the  LWSD  was  approxima- 
tel\  20‘’  while  that  for  the  RWSD  was  roughly  10®.  At  the  lower  elevation  angles,  the  antenna  gain  is 
very  sensitive  to  small  changes  in  elevation  angle.  The  foregoing  effects  appear  to  explain  the  gain 
asymmetry  in  figure  b-3. 

On  March  25,  the  circular  path  was  clockwise.  The  resultant  bank  angle  would  therefore  be 
expected  to  have  the  opposite  effect  on  effective  elevation  angle  for  the  two  side-mounted  antennas 
(increase  for  RWSD.  decrease  for  LWSD).  Because  wind  velocity  was  less  than  on  April  1 . any  com- 
pensating bank  angle  due  to  crosswind  should  be  less  for  this  test.  Again,  the  effects  of  bank  angle 
seem  to  be  present  in  the  data  of  figure  6-4.  Comparison  with  figure  6-3  also  reveals  the  complemen- 
tary nature  of  the  measured  antenna  gains,  which  is  attributed  to  the  opposite  direction  of  circular 
night  for  the  two  tests.  The  reason  for  the  March  25  signal  dropout  at  10®  left  of  the  nose  is  not 
know  n.  Tliis  type  of  dropout  was  not  observed  on  any  other  data  runs  at  similar  geometries,  and 
hence  it  can  be  concluded  that  it  is  due  to  causes  other  than  the  antenna  itself. 

.\  third  test  result  corresponding  to  an  elevation  angle  of  16®  js  presented  in  figure  6-5.  Tliis 
test  was  conducted  on  November  21 . 1974.  with  the  circular  portion  being  in  a clockwise  direction. 
Ttie  aircraft  parameter  data  shows  that  the  average  bank  angle  was  near  0®  for  the  major  portion  of 
the  test,  with  only  a few  excursions  in  excess  of  5®.  The  pitch  angle  was  in  the  range  of  3®  to  7®, 
nose-up  attitude.  The  results  agree  reasonably  well  with  the  higher  elevation  angle  portions  of  the 
March  25  and  .April  I tests,  but  a higher  than  expected  gain  was  observed  for  the  RWSD  between  90® 
and  IbO®  from  the  nose.  For  the  clockwise  fiightpath  used,  data  for  these  angles  was  acquired  on  the 
northeast  quadrant  of  the  circle.  The  test  area  was  near  the  3-dB  contour  of  the  ATS-6  antenna  pat- 
tern Pattern  overlays  on  the  test  area  show  that  nonuniform  illumination  by  the  ATS-(i  antenna  of 
1 to  dB  IS  likely,  svith  the  maximum  signal  strength  expected  in  the  northeast  quadrant.  Tliis  may 
explain  the  unexpectedly  large  apparent  gain  for  this  portion  of  the  test. 

A composite-gain  pattern  derived  from  the  foregoing  three  tests  is  shown  in  figure  6-b.  The 
1 WSD  data  is  primarily  taken  from  the  April  I test,  the  RW.SD  is  essentially  that  of  the  March  25  test, 
and  the  TOP  data  is  a weighted  combination  of  all  three.  This  represents  an  experimental  composite- 
gam  conic  for  the  slot-dipole  sy  stem  for  an  elevation  angle  of  about  20®.  F'or  reference,  the  antenna 
range  scale-model  gam  conic  obtained  from  radiation  distribution  plots  is  given  anti  is  seen  to  agree 
reasonably  well  with  the  experimental  data. 
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Tests  performed  on  September  24  and  October  23,  1974.  and  a ground  test  conducted  January 
21 , 1975,  provide  slot-dipole  antenna  performance  data  at  higher  elevation  angles.  Results  for  the 
ground  test  are  given  in  table  6-3.  Data  was  acquired  while  the  aircraft  was  parked  at  the  NAFEC 
airport  (elevation  angle  40°).  Various  bearing  angles  relative  to  the  satellite  were  obtained  by  taxiing 
the  aircraft  to  a new  orientation  between  measurements.  Results  agree  closely  with  those  of  the 
October  23  test. 


TABLE  6-3.  RWSD  ANTENNA  GAIN  DATA,^ 

JANUARY  21,  1975,  ELEVATION  ANGLE  = 40° 


Bearing  angle  to 
ATS-6,  deg 

Real-time  measured  CIH^, 
dB-Hz 

Antenna  gain,  dB 

16 

45.3 

6.9 

30 

46.6 

7.6 

60 

46.5 

7.5 

89 

48.7 

10.8 

124 

48.7 

10.8*’ 

150 

45.9 

7.8^* 

164 

44.5 

6.4b 

®Data  acquired  during  KC-135  taxi  test  at  NAFEC,  Atlantic  City,  New  Jersey. 

^Direct  gain  calibrator  using  quad  helix  was  not  available.  ATS-6  forward-link  calibra- 
tion  measurements  made  at  other  times  and  locations  during  the  same  test  have  been 
used. 


6.4. 1.2  Experimentally  Measured  S/I  Also  .shown  in  figures  6-3  through  6-5  are  the  measured 
values  of  S/I  derived  from  computer  analysis  of  the  recorded  envelope  detector  output.  As  previously 
mentioned,  the  procedure  has  limited  multipath  resolution  at  S/I  values  in  excess  of  20  dB:  therefore, 
points  with  an  estimated  S/I  larger  than  20  dB  are  plotted  at  the  20-dB  level.  For  all  cases,  it  is 
observed  that  S/1  is  usually  greater  than  20  dB.  with  occasional  dips  into  the  15-  to  20-dB  range,  and  a 
few  more  severe  drops  in  the  vicinity  of  the  nose  for  the  top-mounted  antenna.  This  S/I  performance 
is  in  general  agreement  with  predicions  of  S/1  based  on  antenna  range  measurements  used  in  conjunc- 
tion with  the  specular-point  and  surface  integration  models  discussed  in  section  6.4.2. 

6.4.2  Slot-Dipole  Gain  and  S/I  Detennined  From  Antenna  Range  Measurements 

Principal-polarization  and  cross-polarization  radiation  patterns  of  the  three-element  slot-dipole 
system  were  obtained  on  an  antenna  range  using  scale-model  antennas  installed  on  a 1 /20-scale-model 
KC-135.  For  these  scale-model  measurements,  the  side-mounted  antenna  was  installed  at  station  bdp 
in  the  wing/body  fairing  area,  a location  somewhat  forward  of  the  actual  installed  location  (station 
7(>6).  Tliese  range  measurements  provided  a full  set  of  radiation  distribution  plots  and  analog  gam 
patterns.  Tlie  side-mounted  antennas  were  sufficiently  characterized  to  allow  calculation  of  the 
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theoretical  S/I  presented  below.  Representative  gain  patterns  (conics)  from  the  scale-model  measure- 
ments for  one  of  the  side-mounted  antennas  for  angles  of  10*^  and  20°  above  the  horizon  are  shown  in 
figure  6-7. 

A computer  program  was  used  in  conjunction  with  the  antenna  range  measurements  to  calcu- 
late the  theoretical  S/I  as  a function  of  aircraft/satellite  geometry  for  the  side-mounted  antennas.  The 
top-mounted  antenna  was  not  included  in  these  calculations  because  the  range  ita  acquired  for  the 
TOP  antenna  (RHC  and  LHC  patterns)  did  not  provide  the  complete  antenna  characterization  required 
for  the  theoretical  S/1  calculations.  The  calculated  theoretical  S/1  for  the  side-mounted  wing-root 
slot  dipoles  is  shown  in  figure  6-8.  Although  the  S/I  computations  in  the  fore  and  aft  directions  are 
included,  the  TOP  antenna  would  normally  be  used  fore  and  aft.  The  S/I  for  the  side  antennas  in 
these  directions  is  therefore  somewhat  academic  but  provides  a comparison  reference  for  the  experi- 
mental S/1  data. 

A rigorous  determination  of  the  multipath  interference  requires  integration  of  the  complex 
antenna  pattern  over  the  total  ocean  surface  and  thus  a large  amount  of  computer  time.  In  the  S/1 
derivation  of  figure  6-8,  we  have  assumed  the  “steepest  descent”  solution  and  have  characterized  the 
multipath  signal  by  its  specular-point  values  in  order  to  reduce  the  computational  effort.  The  results 
presented  are  thus  not  exact  but  are  a good  approximation,  especially  for  modest  sea-slope  cases.  In 
fact,  the  above  approach  may  be  argued  to  provide  worst-case  estimates  of  S/I  since  the  earth’s  diver- 
gence effect  is  neglected  and  the  scattered  energy  is  assumed  to  arrive  only  from  the  specular-point 
region.  For  grazing  angles  on  the  order  of  10°,  the  divergence  factor  will  attenuate  the  1 component 
of  the  S,  I by  approximately  2 dB  and  if  the  aircraft  antenna  pattern  is  integrated  over  the  diffuse  sea 
scatter  process,  its  well-known  rolloll  characteristics  (6-plane)  provide  further  multipath  rejection. 

Some  sample  calculations  of  predicted  S/I  were  made  using  an  integration  over  the  sea  surface 
rather  than  the  specular-point  model.  For  the  cases  tested,  a larger  value  of  S/I  was  predicted  by  the 
surface  integration  model,  as  expected,  providing  good  agreement  with  experimental  data.  Compara- 
tive results  obtained  for  the  specular-point  and  surface  integration  model  are  given  in  table  6-4. 

Details  of  the  derivation  of  S/I  from  antenna  range  data  are  given  in  appendix  A of  volume  Vll, 

6.4  .4  Discussion  of  Slot-Dipole  Results  and  Conclusions 

I’erformance  data  for  the  three-element  slot-dipole  antenna  system  was  acquired  experiment- 
ally over  a range  of  satellite  elevation  angles  between  10°  and  40°.  At  elevation  angles  above  20°.  the 
expenmentalK  measured  antenna  gain  was  in  excess  of  4 dB  at  essentially  all  azimuthal  angles  except 
m the  forward  direction  with  the  TOP  antenna.  In  the  forward  direction  (-'■20°  from  the  nose),  the 
lOP  antenna  gain  was  .4..S  dB  at  an  elevation  angle  of  40°.  The  peak  gain  measured  for  the  side- 
mounted  antennas  was  approximately  10  dB.  At  the  higher  elevation  angles,  the  experimentally 
measured  gain  frequently  exceeded  the  gain  values  determined  from  antenna  range  data  by  .ihout  2 dB 
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TABLE  6-4.  COMPARISON  OF  SPECULAR  POINT  AND  SURFACE  INTEGRATION 
MODEL  PREDICTION  OF  S/I  FOR  SLOT-DIPOLE  ANTENNA 


Elevation  angle, 
deg 

Azimuthal  angle, 
0 (from  aircraft 
nose),  deg 

S/t  predicted  by 
specular  point 
model.  dB 

Surface  integration  model 

RMS  sea  slope,  deg 

Predicted  S/I,  dB 

,s 

90 

17 

9 

22.0 

19 

45 

20 

1 

23.6 

19 

46 

20 

6 

25.0 

19 

45 

!! 

26.8 

At  olevation  angles  below  20".  the  experimental  gain  measurements  were  quite  sensitive  to 
aireratt  motions  atteeting  the  aircraft  satellite  geometrx’  hut  were  in  general  agreement  with  range  data 
gain  values.  Mthough  experimental  scatter  was  observed  in  the  measured  gain  data,  there  was  no 
evidence  ot  signiticant  pattern  holes  or  coverage  deficiencies  at  any  of  the  geometries  tested.  The 
several  sets  ot  data  at  a nominal  elevation  angle  of  about  I 5^’  illustrate  that  gain  measurement  repeat- 
ability at  low  elevation  angles  is  dilficult  because  of  the  sensitivity  to  aircraft  maneuvers  caused  by  the 
characteristic  rapid  change  in  gain  patterns  at  the  lower  elevation  angles. 

Hie  experimental  data  suggests  that  the  slot  dipoles  may  be  somewhat  more  directional  in  the 
roll  plane  than  indicated  by  the  antenna  range  scale-model  measurements,  llie  experimental  data 
scatter  and  the  relatively  small  amount  ot  data  available,  however,  preclude  drawing  firm  conclusions 
on  this  point. 

Specific  items  with  potential  for  causing  the  experimentally  measured  gains  to  exceed  those 
determined  from  antenna  range  measurements  have  been  investigated  but  have  not  been  positively 
isolated  as  contributors.  Several  possibilities  are  discussed  below. 

a.  Tire  overall  RF  insertion  loss.  Lj.  between  an  antenna  and  the  preamplifier  has  an  un- 
certainty (in  all  cases  less  than  1 .0  dB).  Review  of  available  calibration  data  suggests  that 
the  value  ol  L(  tabulated  for  the  RWSI)  andl.WSD  Rf  paths  may  be  too  large  by  0..‘>  to 
1 .0  dB.  As  shown  by  equations  (6-1 ) to  (6-.1).  an  error  m Lj  translates  directly  into  a 
corresponding  error  in  the  calculated  antenna  gam.  It  is  therefore  possible  that  calculated 
gains  tor  the  RWSI)  and  l.W  SI)  are  too  large  by  0..“'  to  1 .0  dB  because  of  this  contribution. 
( I rror  contribution  due  to  M\,p  measurements  is  believed  to  be  small  due  to  the  high 
degree  ol  consistency  indicated  by  the  cross-checks  available  and  the  large  number  of 
measurement  repetitions,  i 
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Conic  angle,  0 Conic  angle, 


Note: 


1)  S/ 1 values  computed  in  accordance  with  specular  point  model.  Values  are  in  dB, 
21  Conic  angle  (0)  = 80°  corresponds  to  elevation  angle  ot  10°. 

3)  Slot-dipole  antennas  located  at  station  696  in  wing-body  tainng. 

4)  Range  pattern  data  acquired  using  1/20th-scale  model. 
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Figure  6-8.  Computed  S/I  for  Wing  Root  Slot  Dipole  Antenna 
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b.  The  antenna  gain  values  calculated  from  the  experimental  data  would  contain  a systema- 
tic error,  making  their  values  too  higli  if  the  actual  gain  achieved  with  the  quad-helix  rel- 
erence  antenna  was  less  than  the  15.5-dB  value  determined  from  full-scale  measuremenls 
on  the  antenna  range.  It  is  believed  that  systematic  error  caused  by  overestimating  the 
gam  of  the  reference  antenna  is  less  than  0.5  dB  since  ( 1 ) experimentally  measured  peak 
gains  of  the  phased-array  and  patch  antennas  agree  well  with  expected  values  and  (2)  the 
quad-helix  antenna  was  removed  and  recalibrated  on  the  antenna  range  on  two  separate 
occasions,  each  time  conlinning  the  1 5.5-dB  value  employed.  It  should  also  be  noted 
that  any  systematic  error  in  the  gain  value  assumed  for  the  quad-helix  reference  gain 
antenna  will  affect  the  c dculated  gains  for  all  antennas  (slot-dipoles,  phased  array,  patch) 
identically,  (iain  data  for  these  antennas  relative  to  each  other  would  therefore  be  un- 
affected by  an  error  of  this  type. 

c.  The  scale-model  patterns  of  the  slot-dipole  antenna  were  taken  at  station  (>96.  but  the 
antennas  were  actually  installed  at  station  7b6  of  the  KC-135  due  to  insufficient  space  at 
the  original  design  location.  This  relocation  of  antennas  is  believed  to  have  small  ellect 
on  the  patterns  at  elevation  angles  above  I 0*^'  and.  in  particular,  should  not  inOuence  the 
peak  gain.  This  factor  is  therefore  believed  to  be  only  a minor  contributor,  if  at  all.  to 
the  higher  than  expected  gains  obsened. 

The  experimentally  measured  gain  of  the  TOP  antenna  was  usually  observed  to  be  less  in  the 
forward  than  in  the  aft  direction,  indicating  that  the  nomial  aircraft  pitch  angle  (4”  to  6‘’  nose  up) 
may  be  inOuencing  performance.  This  suggests  that  a more  forward  location  of  the  TOP  antenna 
miglit  result  in  improved  over-the-nose  perfonnance  at  low  elevation  angles. 

riie  experimental  data  showed  conclusively  that  very  good  multipath  rejection  was  achieved 
by  the  three-element  slot-dipole  antenna  system  at  all  geometries  tested.  Hie  S/I  was  usually  greater 
than  20  dB.  with  occasional  dips  into  the  1 5-  to  20-dB  range,  and  a few  more  severe  drops  in  the  vicin- 
ity of  the  nose  for  the  top-mounted  antenna.  The  high  multipath  rejection  achieved  is  due  in  part  to 
the  fact  that  the  wing-root  location  provides  natural  multipath  shieUling.  This  performance  is  in 
general  agreement  with  the  predicted  S 'l  values  based  on  antenna  range  measurements.  The  rather 
large  S I values  observed  are  consistent  with  results  for  Type  I iligilal  data  motlem  tests,  where  the  bit- 
error-rate  performance  curves  closely  resemble  the  performance  predicted  for  a purely  additive-noise 
environment  without  multipath  interferance.  Ihe  Type  I B1  R curves  thus  confirm  that  S I exceedeil 
15  dB. 
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Ellis  section  presents  gain  and  S'l  data  tor  the  phased-array  antenna. 

6.5.1  Experimental  Gain  and  S I Data  tor  the  Phased  .Array 

One  portion  ot'the  phased-array  antenna  data  was  acquired  from  "straig/it-line"  llight  seg- 
ments as  described  in  section  b.2.2.  Table  6-5  and  figure  6-‘)  present  results  for  three  groups  of  data 
acquired  on  the  dates  and  at  the  locations  specified  below. 

a.  Ground  test  at  NAFFiC  on  January  21 . 1^75,  at  an  elevation  angle  of  40‘* 

b.  I light  test  on  .March  27,  1975,  over  the  North  Atlantic  at  elevation  angles  between  10^ 
and  15" 

c.  Elieht  test  on  January  2^.  1 975.  over  the  North  .Atlantic  at  elevation  angles  between  1 5" 
and  18". 

During  each  straight-hne  segment,  the  optimum  beam  position  for  maximum  signal  reception 
was  selected.  The  beam  positions  are  identified  according  to  the  manufacturer's  nomenclature.  Since 
quad-helix  gain  calibration  data  was  not  available  for  all  straight-line  segments,  the  phased-array  gain 
values  sometimes  use  signal  strength  calibration  measurements  of  the  ATS-t>  downlink  that  were  made 
at  other  times  or  locations  during  the  same  test.  Ehese  cases  have  been  so  identified  in  table  6-5. 

Five  tests  were  also  conducted  on  circular-track  antenna  llights,  A summary  of  the  test  condi- 
tions for  these  llights  is  tabulated  in  table  6-6.  Due  to  the  antenna’s  location,  data  were  acquired  only 
in  the  rigJit-hand  hemisphere. 

Results  for  tests  conducted  on  September  24  and  October  29,  1975.  are  presented  in  figures 
6-10  and  6-1  I I or  the  test  of  September  24.  at  28"  elevation,  the  elevation  beam  position  selected 
resulted  in  near-optimum  reception  throughout  the  llights,  1 he  data  values  plotted  in  figure  (i-IO. 
however,  appear  to  be  about  I dIJ  below  their  expecteil  values,  possibly  due  to  a calibration  error  for 
this  test.  The  corresponding  RWSD  ilat.i  aa|uired  concurrently  (plotted  in  fig.  5-7.  vol.  VII I also 
indicate  this  possibility. 

from  the  results  achieved  on  September  24.  October  29.  and  the  straight-line  segment  tests,  it 
IS  observed  that  when  the  elevation  beam  position  is  optimi/cd.  the  array  provides  gain  of  about  10  to 
I 2 dB  over  a bro.idside  sector  As  the  a/iniuth  changes  toward  O"  or  180",  the  gain  decreases  as  ( 

expected.  The  measured  S I for  this  antenna  was  always  >n  excess  of  20  dB  whenever  the  beam  posi- 
tion w.is  optimi/eil  I his  appears  to  be  (he  expected  result  due  to  the  narrow  roll-plane  bearnwidth  and 
the  side-lobe  taper  control 


P 


1 


Elevation  angle 
^10°  to  12° 

* 16°  to  18° 

• 40° 


Number  near  point  denotes 
optimized  elevation  beam 
position  selected. 


Figure  6-9.  Phased-Array  Gam  Data  for  "Straight- Line'"  Tests 


Gain  scale  5 cIB  per  ma|or  division,  origin  at  -5  dB 
S/l  scale  20  dB  per  major  division,  origin  at  0 dB 


10-dB  gain 


20-dB  S/I 


Beam  [losition  no.  3 


Figure  6 10  Phased  Array  Antenna  Gam  and  Sd,  September  24,  1974, 
F leva t inn  Angle  PfF> 


TABLE  6-5.  PHASED-ARRA  Y GAIN  DA  TA  FOR  LINEAR  SEGMENT  TEST 


ATS-6  direction, 
deg 

Optimum 

antenna 

beam 

position 

C/N„, 

dB-Hz 

Received 

signal 

level, 

•dBW 

Antenna 

gain, 

dB 

Relative 

bearing 

Elev 

Realtime 

measured 

Computer 

analyzed 

NAFEC  Ground  Test,  January  21,  1975 

16 

40 

7 

■■ 

N/A 

149.8 

5.5 

30 

40 

6 

N/A 

147.6 

6.8 

60 

40 

5 

47.2 

N/A 

145.5 

8.9 

89 

40 

4 

48.0 

N/A 

144.7 

10.8 

124 

40 

5 

48.1 

N/A 

144.6 

10.9 

150 

40 

6 

45.7 

N/A 

147.0 

8.5® 

164 

40 

7 

42.1 

. ...  J 

N/A 

150.6 

4.5® 

Flight  Test,  March  27.  1975 

12 

3 

46.6 

45.0 

147.7 

4.3 

11 

2 

48.5 

46.4 

146.3 

5.5 

82 

10 

1 

49.9 

142.8 

9.4 

111 

1 1 

2 

46.0 

45.4 

147.3 

4.5® 

147 

12 

4 

43.2 

42.5 

150.2 

1.8® 

Flight  Test,  January  27,  1975 

18 

16 

4 

41.4 

41.6 

— 

151.1 

4.4® 

44 

17 

2 

42.9 

42.7 

150.0 

8.7 

78 

18 

2 

49.2 

49.0 

143.7 

9.3 

111 

17 

2 

51.8 

51.5 

141.2 

113® 

145 

16 

3 

47.9 

47.6 

145.1 

7.4® 

^Indicates  that  direct  gain  calibration  using  the  quad  helix  was  not  available.  ATS-6  downlink  calibration  measurements 
made  at  other  times  and  locations  during  the  same  test  have  been  used. 
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TABLE  6-6.  PHASED-ARRAY  CIRCULAR  FLIGHT  SUMMARY 


Date 

Elevation  angle, 
deg 

Elevation 
beam  position 

Figure 

September  24,  1974 

28 

3 

6 10 

October  29,  1974 

16 

2,  3 

6 11 

October  24,  1974 

19 

Not  recorded 

64  of  volume  VII 

November  21,  1974 

19 

5 

6-5  of  volume  VII 

October  23,  1974 

25 

4 

6-6  of  volume  VII 

L ^ 


Gain  scale:  5 dB  per  major  division,  origin  a*  *5  dB 
S/1  scale;  20  dB  per  major  division,  origin  at  0 dB 


10-dB  gam 


Beam  position  no.  3 


20  dB  S I 


Test  results  for  other  circular  flights  are  provided  in  figures  6-4,  6-5,  and  6-6  of  volume  Vll. 
For  these  flights,  the  elevation  beam  position  experimentally  selected  during  the  initial  calibration 
period  did  not  provide  optimum  reception  througliout  the  tests.  These  experimental  data  therefore 
do  not  represent  the  achievable  performance  under  optimized  conditions  and  thus  are  of  limited  value. 
However,  the  results  do  serve  to  illustrate  to  some  degree  the  interdependency  of  optimum  elevation 
beam  position  and  relative  bearing  angle  discussed  in  section  6.2.2.  This  effect  is  somewhat  typical  of 
phased-array  antennas  and  is  caused  by  their  characteristically  shaped  beam. 

From  the  circular  and  straiglit-line  flight  test  data,  it  can  be  concluded  that  the  phased  array  as 
mounted  on  the  KC-13S  provides  a peak  gain  of  1 1 to  1 2 dB  approximately  broadside  at  an  elevation 
angle  of  40*^.  This  measured  value  agrees  well  with  the  full-scale  antenna  range  peak  gain  value.  At  an 
elevation  angle  of  40*^,  the  3-dB  azimuthal  beamwidth  is  approximately  100°,  with  the  minus  3-dB 
points  of  the  pattern  occurring  at  50°  and  1 50°  from  the  nose.  For  the  small  amount  of  data  avail- 
able at  elevation  angles  of  10°,  the  experimentally  measured  maximum  achievable  gain  was  betweeii 
9.0  to  9.5  dB  and  the  3-dB  azimuthal  beamwidth  was  approximately  50°.  At  azimuthal  angles  beyond 
the  above  useful  coverage  region,  the  gain  dropped  rapidly  to  low  or  negative  values.  No  attempt  was 
made  to  measure  side-lobe  levels  experimentally. 

The  antenna  exhibited  consistently  good  multipath  rejection,  with  the  measured  S/I  being  in 
excess  of  20  dB  within  the  useful  coverage  region. 

6.5.2  Antenna  Range  Pattern  Measurements  for  the  Phased  Array 

Radiation  pattern  measurements  were  made  by  the  antenna  manufacturer.  Ball  Brothers  Re- 
search Corp.  Range  patterns  taken  with  the  full-scale  antenna  mounted  on  a 4-ft  ground  plane  show 
that  expected  peak  gain  is  approximately  12  dB,  and  roll-plane  beamwidth  is  between  12°  and  I 5° 
tor  each  of  the  nine  selectable  elevation  beam  positions. 

A limited  number  of  scale-model  pattern  measurements  were  also  made  by  the  manufacturer. 
One-tenth-scale  antenna  units  were  designed  for  beam  positions  1 . 2.  and  4.  Beam  positions  1 and  2 
were  selected  since  they  are  most  likely  to  be  affected  by  the  presence  of  the  aircraft  wings.  Beam 
position  4 was  selected  since  it  represents  the  higher  steering  angles  and  would  allow  comparison  of 
the  patterns  from  the  full-scale  model  with  those  from  the  1 / 1 0-scale  model  for  a position  not  likely 
to  be  seriously  affected  by  the  presence  of  the  aircraft  structure. 

Antennas  for  the  1/1 0-scale  model  were  made  using  etched  microstrip  circuit-board  techniques, 
llie  radiating  elements  were  scaled  directly  from  the  full-sized  elements.  Ilie  feed  lines  were  too 
nanow  to  scale,  and  therefore  a modified  feed  circuit  was  designed  and  tested  for  use  on  the  I /10- 
scale  model.  The  elements  were  combined  in  a l-by-8  array  with  appropriate  phasing  for  the  beam 
position  being  modeled. 
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with  fuli-scale  patterns.  A 1/1 0-scale  Convair  880  was  used  to  model  the  aircraft.  After  installation 
of  the  antennas  on  the  1/10-scale  aircraft  model,  the  previously  recorded  patterns  were  repeated. 

Antenna  range  patterns  for  the  flight  antenna  and  for  the  1/1 0-scale-model  antenna  installed 
on  the  model  Convair  880  are  given  in  figure  6-12  for  beam  position  2.  Since  antenna  efficiency 
cannot  be  scaled,  no  particular  gain  is  implied  in  these  patterns.  Pattern  shape  is  the  only  comparison 
that  can  be  made. 


6.6  PATCH  ANTENNA  TEST  RESULTS 

Four  circular-path  tests  were  conducted  for  the  patch  antenna.  A summary  of  the  test  condi- 
tions is  presented  table  6-7. 


TA BL E 6-7.  PA  TCH  ANTENNA  CIRCULA R FL IGHTSUMMA R Y 


Date 

Satellite 
elevation  angle, 
deg 

Figure 

October  23,  1974 

25 

6-13 

November  21,  1974 

19 

6-14 

October  29,  1974 

16 

615 

October  24,  1974 

19 
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Selected  test  results  are  presented  in  figures  6-1 3,  6-14,  and  6-15.  From  these  figures  it  is 
apparent  that  the  patch  antenna  had  a gain  of  approximately  4 dB  forward  over  the  nose  at  elevation 
angles  above  I The  gain  gradually  decreased  as  the  satellite  bearing  angle  changed  toward  the 
broadside  and  aft  directions  or  as  the  satellite  elevation  angle  reduced  toward  the  horizon.  ('>ain  in  the 
broadside  and  more  aft  directions  is  about  0 dB  at  an  elevation  angle  of  U/L  increasing  to  about  2.5 
dB  at  a 25*^  elevation  angle. 

(iain  data  acquired  during  a ground  test  at  NAFEC  is  given  in  table  6-8.  This  data  shows  that 
gain  in  the  forward  over-the-nose  direction  at  a higher  elevation  angle  is  on  the  order  of  4 dB  |3.7  dB 
measured),  decreasing  to  about  2,5  dB  aft  of  broadside.  These  results  are  consistent  with  the  data  of 
figures  6-13.  6-14.  and  6-15.  Antenna  range  data  for  this  antenna  was  not  available  for  inclusion  m 
this  report. 
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Full-scale  antenna 
on  4-ft  ground  plane 


1/10th-scale  model  on 
1/IOth-scale  Convair  880 


1)  Full-scale  frequency  at  1.55  GHz. 

■ 2)  Elevation  angle  reference  to  boresight  of  antenna, 

3)  Data  furnished  by  8all  Brothers  Research  Corp. 

4)  Directivity  is  m dB. 


Figure  6 12.  Phased-Array  Floll  Plane  Directivity  Determined  from  Antenna  Range 
Measurements,  Beam  Position  2 


Gain  scale;  5 dB  per  major  division,  origin  at  -5  dB 
S/I  scale:  20  dB  per  major  division,  origin  at  0 dB 


10-dB  gain 


5'dB  gain 


20-dB  S/I 


Gain  scale:  5 (IB  per  major  division,  origin  at  -5  dB 

S/I  scale:  20  dB  per  major  division,  origin  at  0 dB 


10-dB  gain 


5 dB  gain 


20  dB  S/I 


Gain  scale:  5 dB  per  major  division,  origin  at  -5  dB 
S/I  scale:  20  dB  per  major  division,  origin  at  0 dB 


10-dB  gain 


5-dB  gain 


20  dB  S/I 


Figure  6 15.  Patch  Antenna  Gam  and  S/I,  October  29.  1974  Eievat«»^  A->gi,  ir.- 
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table  6-8.  PA  TCH  ANTENNA  GAIN  DA  TA^  FOR  GROUND  TEST  AT  40°  ELEV.  ANGLE 


ATS-6  dir 

action,  deg 

C/N„, 

dB■H^ 

Received 
signal  level, 
-dBW 

Antenna 

gain, 

dB 

Relative 

bearing 

Elevation 

Real  time 
measured 

Computer 

analyzed 

0 

40 

47.5 

N/A 

151.6 

3 7 

16 

40 

47.5 

N/A 

151.6 

34 

164 

40 

45.9 

N/A 

153.2 

2.3^ 

Dttt  acquired  during  NAFEC  ground  test. 

Direct  gam  calibration  using  quad  helix  was  not  available 
times  and  locations  during  the  same  test  have  been  used. ' 


ATS-6  downlink  calibration  measurements  made  at  other 
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APPENDIX  A 


RESULTS  OF  SCIM  MEASUREMENTS  FOR  VOICE  MODEMS 

( 


One  method  developed  for  evaluating  voice  channel  performance  has  been  the  speech  com- 
munication index  meter  (SCIM)  (ref.  A-1 ).  The  technique  is  based  on  the  articulation  index  (AI) 
concept,  as  described  in  reference  A-2,  and  uses  synthetic  speechlike  signals  to  measure  the  signal-to- 
noise  ratio  at  the  end  of  the  channel  at  various  audio  frequencies.  This  ensemble  of  signal-to-noise 
ratio  measurements  is  then  used  to  calculate  the  articulation  index,  a value  ranging  between  0 and  1 . 
Somewhat  implicit  in  the  Al  concept  is  the  notion  that  the  AI  can  be  related  to  other  psychometric 
measures  of  speech  performance,  e.g.,  PB  word  intelligibility,  and  thus  that  an  automated  SCIM 
scoring  approach  could  eliminate  the  need  for  listener  panel  evaluations. 

SCIM  signal  transmissions  were  recorded  for  each  modem  following  transmission  of  the  word 
lists.  The  November  test  data  was  transcribed  and  evaluated  at  NASA/GSFC  using  a computerized 
version  of  earlier  hardware  analyzers.  AI  scores  provided  by  NASA  were  then  collated  with  the  PB 
word  intelligibility  scores  derived  at  CBS  Laboratories  during  the  same  test  interval;  the  resultant  plot 
is  shown  in  Figure  A- 1 . 

The  curves  of  figure  A-1  are  from  reference  A-1  and  indicate  a universal  relationship  between 
AI  and  various  intelligibility  measures.  For  the  400-word  lists  used  here,  a curve  somewhere  between 
the  2S6-  and  1 000-word  relationships  should  presumably  be  used. 

It  is  observed  from  the  data  that  the  results,  in  total,  straddle  such  an  interpolated  curve. 
However,  a definite  modem  dependency  seems  to  exist.  For  example,  a given  articulation  index  for 
ANBFM  corresponds  in  general  to  a much  lower  word  intelligibility  than  that  for  the  Hybrid  No.  1 
and  2 modems.  Thus,  this  data  refutes  a universal  relationship  between  AI  (as  estimated  by  SCIM)  and 
word  intelligibility. 

If  in  the  future  it  is  desired  to  use  the  SCIM  technique  for  meaningful  evaluations  of  speech 
modem  performance,  a minimum  requirement  appears  to  be  that  the  Al  (as  estimated  by  SCIM)  versus 
intelligibility  curve  be  calibrated  accurately  for  each  modem  under  test. 
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SyllablM,  ¥»ord(,  or  tonttncM  undtrnood,  % 


T«t  vocabulary  limited 
to  256  t*B  word$“^ 

Santences — . \ 


PB  words 

(1000  different  words) 


,0/ p 

/ /o 


^ ^ ^ Nonsense  syllables 

/ / (1000  different  syllables) 

/J'd 


//  // 

/ 

/ A' 


!f 


Experimental  intell.  scores  and  Al 

fV  Hybrid  No.  1 
• Hybrid  No.  2 
□ ANBFM 


Note: 

Reference  curves  relating  Al  and 
various  measures  of  speech  intelligibility 
after  French,  Steinberg  and  Miller. 
Relations  are  approximate;  they  depend 
upon  the  skill  of  talkers  and  listeners 


Articulation  index,  Al 

f/0ur*  4-  /.  VoiM  Modem  Intelligibility  Scores  (400  PB  Words)  Versus  Articuletion  Index 
Determined  From  SCIM  Meesurements 
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APPENDIX  B 


EQUIPMENT  LIST  AND  MAJOR  CHARACTERISTICS  OF 
SELECTED  SPECIAL  TEST  EQUIPMENT 


This  appendix  provides  ( I ) an  abbreviated  list  of  special  test  equipment  used  for  the  aero- 
nautical technology  tests  and  (2)  summaries  of  major  characteristics  for  selected  subsystems.  A com- 
prehensive list  of  test  instrumentation  items  (including  calibration  and  test  equipment)  plus  additional 
design  information  are  given  in  "U.S.  Aeronautical  Technology  Test  Program  - Terminal  Design.” 
document  and  design  data  package  submitted  under  contract  DOT-TSC-707,  August  1975. 


B.  1 ABBREVIATED  LIST  OF  SPECIAL  TEST  EQUIPMENT 

A list  of  selected  special  test  equipment  used  at  the  aircraft  terminal  is  given  in  table  B-1 . 
comparable  list  of  selected  special  test  equipment  used  at  the  Rosman  ground  terminal  is  given  in 
table  B-2. 


B.2  MAJOR  CHAR.ACTERISTICS  OF  SELECTED  SPECIAL  TEST  EQUIPMENT  SUBSYSTEMS 
B.2.1  Multipath  Test 

B.2  I / Satellite  Aeronautical  Channel  Prober  fSACP)  - Major  characteristics  of  this  subsysteni  are 
given  in  table  B-3.  Information  in  table  B-3  is  extracted  from  “Instruction  Manual  for  the  Satellite 
Aeronautical  Channel  Prober:  Volume  I.  System  Description  and  Operation,”  contract  DOT-TSC- 
634.  Stein  Associates.  Inc..  June  1974. 


B 2 12  Three-Channel  Up-Converter  - .Major  characteristics  are  summarized  in  table  B-4.  Informa- 
tion in  table  B-4  is  based  partly  on  measurements  and  partly  on  information  provided  by  the  manu- 
facturer (Aertech  Industrie^). 
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TABLE  B-1.  AIRCRAFT  TERMINAL  SPECIAL  TEST  EQUIPMENT  SUMMARY 


Item 

Manufacturer/model 

Antennas  (L-Band) 

Forward  multipath 
Quad  helix 

Three-element  slot-dipole  system 

Phased  array 

Patch 

Right/left  slot  dipoles  (RSD/LSO) 
Crossed -slot 

Side-mounted  multipath 

Boeing 

Boeing 

Boeing 

Ball  Brothers  Research  Corp. 

Ball  Brothers  Research  Corp. 

Boeing 

Boeing 

Boeing 

RF  Subsystem 

Aft  RF  control  unit 
Forward  RF  control 
RF  preamplifier] 
Place  R/T  unite 
FAA  L-band  receiver 


Boeing 

Boeing 

Avantek  AM  1600N 
Bell  Aerocpace  Co. 
Bell  Aerospace  Co. 


IF,  Baseband  and  Recording 


IF  tuning  unit 
Carrier  detector 
Aircraft  data  system 
Frequency  standards 
Aft  patch  panels 
Recorder  interface 
Instrumentation  recorders 
Digital  recorder 
Strip-chart  recorder 


Boeing 

Boeing 

DOT/FAA 

Tracor  304D 

Boeing 

Boeing 

Honeywell  5600C 
Kennedy  8707 
HP  741  BA 


IV 

ultipath  Test 

SACP  modulator 

Stein  Associates,  Inc. 

Three-channel  up-converter 

Aertech  Ind.,  C1402 

RF  amplifiers,  20-W,  L-band 

Acronetics/Wavecom,  Inc. 

RF  amplifier,  100-W,  L-band 

Microwave  Power  Oeivees 

RF  amplifier,  40-W,  L-band 

Microwave  Power  Devices 

RF  amplifier,  20-W,  L-band 

Singer,  Model  51 10 

TABLE  B-1  (CONCLUDED) 


Item 

Manufacturer/model 

Modems 

‘ Adaptive  narrowband  frequency  modulation  (ANBFM) 
FAA  CPSK 
FAA  DPSK 
® NASA  DECPSK 
Digital  ranging  modem 
^ PLACE  S&R  ranging 
Hybrid  No.  1 (Q-M/PSK) 

Hybrid  No.  2 (POM/PSK) 

Adaptive  delta  voice  modem  (ADVM) 

Bell  Aerospace  Co. 
Philco-Ford  Corp.  (WDL) 
Philco-Ford  Corp.  (WDL) 
Bell  Aerospace  Co. 
DOT/TSC 
Bell  Aerospace  Co. 

Bell  Aerospace  Co. 
Magnavox  Research  Lab. 
Bell  Aerospace  Co. 

®Part  of  PLACE  modem  unit. 


TABLE  B-2.  ROSMAN  TERMINAL  SPECIAL  TEST  EQUIPMENT  SUMMARY 


Item 

Manufacturer/model 

Antennas 

Antennas  and  RF  system 

NASA  station  equipment 

IF,  Baseband  and  Recording 

Subcarrier  multiplex  unit 
Interface  units  1 and  2 
Audio  panels  1 and  2 
Instrumentation  recorder 
Voice  tape  recorders 
Data  test  sat 

Boeing 

Boeing 

Boeing 

Ampex  FR19(X} 
Ampex  AG500 
HP  1645A 

Multipath  Test 

SACP  receiver  system 

Stein  Associates,  Inc. 

Modems 

Hybrid  No.  1 modulator 
Hybrid  No.  2 modulator 
PLACE  ground  equipment 
Adaptive  delta  voice  modulator 

Bell  Aerospace  Co. 

Magnavox  Research  Lab. 

Bell  Aerospace  Co.  (NASA  station  equipment) 

Bell  Aerospace  Co.  Adaptive  delta  voice  modulator 

B-3 
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TABLE  B-3.  SA  TELUTE  AERONAUTICAL  CHANNEL  PROBER  (SACP)  SYSTEM  FEA  TURES 


SACP  Transmission  Subsystem  Modulator 

Probing  rate  (selectable) 

0.5. 1.0,  1.25,  2.5,  5.0,  10  Mbps 

Modulation 

+90°  pseudo-random  PSK 

PN  sequence  length  (selectable) 

1023,511,255 

IF  frequency 

70  MHz 

Power  output  (into  75l^) 

0 dBm 

SACP  Receive  Sutrsystem  Demodulator 

IF  Interface  frequency 

70  MHz 

Video  PN  rates  (selectable) 

0.5,  1.0.  1.25.  2.5,  5.0,  10.0  Mbps 

Number  of  multipath  complex  demodulator 

112 

taps 

Output  multipath  tap  low-pass  filter  band- 

37.5.  75,  150,  300,  and  600  Hz 

widths  (1-dB)  (selectable) 

Output  tap  dynamic  range 

40  dB 

Number  of  direct-path  complex  demodulator 

6 at  20  Hz  (3-dB) 

taps  and  filter  characteristics 

Real-Time  Display 

Display  method 

Standard  oscilloscope 

Parameter  displayed 

Average  power  at  each  complex  demodulator  output 

Number  of  outputs  displayed  across  oscillo- 

All  complex  demodulator  taps  (10-tap  selectable 

scope  face 

zoom) 

Averaging  time 

1/16, 1/4, 1.4  sec 

Input  dynamic  range 

40  dB 

Input  bandwidth  (3-dB) 

600  Hz 
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TABLE  B-4.  THREE-CHANNEL  UP-CONVERTER  CHARACTERISTICS 


Channel  Characteristics 

Number  of  channels 

Three,  isolated 

Input  frequency 

70  MHz 

Input  level 

0 dBm,  nominal 

Output  frequency 

1650  MHz 

Output  level 

+15  dBm  (+3,  4)dB) 

Bandwidth  (t-dB) 

+ 10  MHz 

Up-Converter 

Type 

Dual  conversion; local  oscillators  are  phase  locked 
to  reference  frequency 

Reference  frequency 

5 MHz,  0 dBm  nominal  lexternal  input) 

First  local  oscillator 

315  MHz 

Second  local  oscillator 

1265  MHz 

Frequency  coherence 

Local  oscillators  are  common  to  all  three  channels 

Note:  Ttie  unit  was  modified  to  allow  a 55-MHz  (+7  dBm)  external  input  to  be  used  as 
the  reference  frequency  as  an  alternate.  The  overall  frequency  conversion 
(Af  = 1580  MHz)  was  unchanged  when  using  this  alternate. 


B.2.2  Modem  Test 


8 2 -1  tlyhruI  Xo  l(Q-M  PSK)  Modem  Table  B-5  lists  the  major  characteristics  of  the  modem. 
The  information  given  is  e.xtracted  from  "Handbook  of  Operating  and  Maintenance  Instructions  for 
.Advanced  Modem.”  report  b381-d54001.  contract  DOT-TSC-631.  Bell  Aerospace  Company. 

8 2.2  2 Hybrid  So  2 IPD.U  PSK)  Modem  Table  B-(i  lists  the  major  characteristics  of  this  modem. 
The  information  given  is  extracted  from  "Final  Report/Technical  Manual  for  Advanced  Modem 
MX480  481  and  MX482  C/N^j  Test  Set."  contract  DOT-TSC-623.  Magnavox  Research  Laboratory. 
March  1474. 
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TABLE  B-5.  HYBRID  NO.  1 MODEM  (0-M/PSK)  CHARACTERISTICS 


Modulator 

Audio  inputs/outputs: 

Tape 

600-ohm,  balanced  (0  VU) 

Microphone 

150  ohm,  single-ended  (-50  VU) 

Headphone 

600-ohm,  single-ended  (0  VU) 

Data  inputs: 

External  clock  and  data 

1 200  or  2400  bps,  Q to  -^5  V 

Internal  clock  and  data 

1200  or  2400  bps,  choice  of  PN  sequences  with  2^-1, 2^-1,  or 

2®-1  bits 

Modulation: 

Voice  only 

Quadrature  modulation 

Data  only 

DCPSK 

Voice  plus  data 

Voice  and  DCPSK  on  quadrature  phase  components  of  carrier 

RF  output: 

Frequency 

70  MHz 

Level 

0 dBm  (50  ohms) 

Demodulator 

RF  input: 

Frequency 

70  MHz, -t4  kHz 

Level 

-20  to  -ttO  dBm  (50  ohms) 

C/Njj  range 

35  to  55  dB-Hz,  nominal 

Demodulator: 

Voice  only 

Second-order  PLL 

Data  only 

Costas  loop 

Voice  plus  data 

Costas  loop 

Acquisition  and  tracking: 

Mode 

Automatic 

Range 

+4  kHz,  minimum 

Audio  outputs: 

Recorder 

600-ohm,  single-ended,  0 VU 

Headphone 

6(X)-ohm,  single-ended,  0 VU 

Data  outputs: 

Detector  type 

Matched  filter  (l&D) 

Data  rates 

1 200  or  2400  bps 

Data  signal 

Differentially  decoded  data 

Clock  signal 

Available 

Internal  error  detector: 

Data  rates 

1200,  2400  bps 

Codes 

PN  sequences  of  2®-1, 2^-1,  2'^-1  bits 

Adaptive  Delta  Voice  Mode 

Clock  rate 

19.2  kbps 

Step  size 

Adaptive,  dependent  on  input  waveform  slope 

Modulation 

PSK  with  residual  carrier  at  7.0  dBO 

Carrier  demodulation : 

Type 

Coherent,  second-order  PLL 

Loop  bandwidth 

Bl  - 100  Hz 

Processing  options: 

Digital 

l&D  (matched  filter)  detection,  bit  sync  derived  from  data 

Analog 

Linear  filtering,  bit  sync  not  required 
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TABLE  B-6.  HYBRID  NO.  2 MODEM  (PDM/PSK)  CHARACTERISTICS 


i 


Modulator 

Data  inputs: 

Rates 

1200  or  2400  bps 

Levels 

Bipolar,  -H  to  +10  V for  logical  one,  -1  to  -10  for  logical  zero 

Voice  inputs 

Low-level  microphone  at  150  ohms 
High-level  recorder  input  into  10  kEl 

Internal  test  data 

2' '-1,  (x^ ' + + 1)  maximal  linear  sequence 

2^-1  maximal  linear  sequence 

2^  -1  maximal  linear  sequence 

All  ones 

All  zeros 

Data  clock  output 

1 200  or  2400  bps  at  T^L  level 

Demodulator 

70-MHz  signal  input 
Data  outputs : 

0 dBm  nominal  (+10  to  -20  dBm,  range  acquirable  over 
+4  kHz  doppler  offset) 

Bit  rates 

1200  or  2400  bps 

Levels 

0 V for  logical  zero 
+ 1 V for  logical  one 

Bit-error  detector 

+1  pulse  whenever  an  error  occurs 

Internal  test  data 

2^  -1  (x' ' + x^  + 1)  maximal  linear  sequence 
2^-1  maximal  linear  sequence 
2^-1  maxima)  linear  sequence 

Voice  outputs: 
Recorder 
Headphone 


1 V rms  nominal  into  high-impedance  recorder 
600-ohm  balanced  line  with  volume  control 


/•'.-l.-l  CPSK  and  DESK  Demodulators  These  two  demodulators  were  oriitinally  designed 
and  optimized  for  the  DOT/F.\A  ATS-5  test  program  (ref.  5-2).  The  primary  design  constraint  was 
the  need  to  operate  with  tlie  discontinuous  ATS-5  L-band  forward-link  signal.  (Due  to  the  spin  of 
ATS-5.  the  L-band  forward  link  was  "pulsed";  i.e..  the  signal  was  available  to  the  demodulators  in 
bursts  of  50-msec  duration,  separated  by  channel  "dead  times"  of  733  msec).  For  the  DOT  TSC 
ATS-6  aeronautical  technology  tests,  the  demodulators  were  used  in  their  original  design  configura- 
tion (so  that  results  could  be  compared  with  previous  performance  and  simulator  tests)  rather  than 
being  reoptimized  for  the  ATS-b  test  program.  Certain  demodulator  design  features,  such  as  DFCl'SK 
Costas  loop  B|_.  tracking  range,  etc.  are  therefore  somewhat  different  than  they  would  be  for  a design 
specific  to  the  ATS-ts  test  program. 
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A more  detailed  description  of  the  design  and  block  diagrams  of  the  demodulator  implementa- 
tions are  given  in  reference  B-l . Major  characteristics  are  summarized  in  table  B-7. 

H.2.2.4  PLACE  Modem  U»ii  This  unit  includes  the  adaptive  NBFM  voice,  DECPSK  data,  and 
S&R  ranging  modems.  The  unit  is  described  in  “Handbook  of  Operating  and  Maintenance  Instructions 
for  PLACE  Airborne  Equipment.”  report  6203-954002.  Bell  Aerospace  Company,  March  1973. 


TABLE  B-7.  FAA  DECPSK  AND  DPSK  DEMODULATOR  CHARACTERISTICS 


IF  Amplifier  and  Down-Converters 


Input  frequency 
Input  signal  level 
IF  gain  control: 

Type 
AGC  type 
AGC/MGC  range 
Image  Suppressions 
IF  Bandwidth  (3-dB) 


10  MHz  (+300  Hz) 

-20  dBm,  nominal 

Selectable,  AGC  or  manual 
Derived  from  signal 
20  dB,  minimum 
40  dB,  minimum 
8 kHz 


DECPSK/CPSK  Data  Demodulator 


Carrier  demodulation 
Acquisition  and  tracking  range 
Bit  rates 
Data  outputs 
Data  clock  output 


Costas  loop  (digital),  B|_=  2(KI  Hz 
;t500  Hz,  minimum 
1200,2400  bps 

Both  decoded  data  and  differentially  decoded  data 
Available 


DPSK  Data  Demodulator 


Automatic  frequency  control: 
Type 

Frequency  tracking  range 
Output  frequency  error 
Data  detection 
Bit  rates 
Data  output 
Data  clock 


Quadricorrelator 
+600  Hz 
Less  than  +50  Hz 

Baseband  implementation  of  phase-comparison  detection 
1200,  2400  bps 
Differentially  decoded  data 
Available 


APPENDIX  C 
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REPORT  OF  INVENTIONS 


Work  performed  under  this  contract  consisted  of  test  support  related  to  the  U.S.  aeronautical 
ATS-6  L-band  technology  test  program.  Major  tasks  included  test  instrumentation,  conduct  of  the 
field  test  program,  and  analysis  of  the  data  acquired.  Although  the  program  has  yielded  a substantial 
body  of  valuable  data  which  provide  a significant  extension  to  existing  scientific  knowledge,  a diligent 
review  of  the  work  performed  under  this  contract  has  revealed  no  innovation,  discovery,  improve- 
ment. or  invention. 
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